Best 

Available 

Copy 


AP-714  3 Jj 


The  fir3t  experimental  works  which  pertain  to  this  problei 

were  conducted  by  V.  V.  Baturin  and  1.  A.  Sbcpelev  tl6]»  Yu.  V. 


Ivanov  [17]  and  0.  S.  Shandurov  [1];  as  a  result  of  these  workt 
Empirical  formulas  were  recommended  for  the  calculation  of  the  form 


of  the  axis  of  the  Jet  which  turned  out  to  be  dependent  on  the 
relation  of  dynamic  pressures  In  the  Initial  Jet  cross-section  anc 

incident  flow  and  on  the  initial  angle  of  slope  of  the  Jet. 

13  OctsAar  tfl/S 


Fig.  Vi.  Fig.  15. 

Fig.  I1!.  Flow  lines  in  a  Jet  of  low  velocity 
which  flows  cut  into  a  flow  of  high  velocity 
(m  -  27). 

Fig.  15.  Flow  lines  in  a  liquid  being  sucked 
in  toward  a  flat  submerged  Jet  which  flows  out 
from  an  opening  in  the  wall. 

Subsequently,  K.  V.  Volynskiy  and  I  [1]  developed  approximate 
methods  for  the  calculation  of  the  form  of  the,  axilf  of  the  Jet 
which  are  confirmed  by  the  data  of  the  indicated  experimental 
works.  Similar  studies  of  other  authors  are  also  known.  Recently 
two  works  of  T.  A.  Girshovich  [18,  193  have  been  published  in  which 
this  problem  for  a  plane  Jet  is  solved  by  a  more  rigid  theoretical 
method,  whereupon  it  is  possible  to  find  not  only  the  form  of  the 
axis  of  the  Jet  but  also  Its  boundaries  and  velocity  profiles  In 
differ  nt  transverse  cross  sections,  i.e.,  to  construct  the  entire 
flow  as  a  whole. 
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‘fit1  problem  is  solved  in  a  curvilinear  coordinate  ^ys'.em,  the 
jt  :1.  su  of  will'll  coincided  with  the  axis  of  the  Jet,  and  tin; 
riinatJ  1.5  orthogonal  to  the  axis  of  Jet.  The  boundary  layer 
.•cunt  ions  are  written  in  this  coordinate  system  for  the  zone  of 
i'  xl;.g  taking  Into  account  the  pressure  field  being  created  by 
•  -n* ri fugal  forces  and  the  variable  accompanying  velocity.  For 
v  to  mi*  trig  the  external  Jet  boundary  (from  the  directional'  the 
icldorit  flow)  the  latter  is  considered  conditional  ly  as  the 
'.undary  surface  of  the  current  obtained  from  the  addition  of  the 

•  Idcnt  i rrotat  Loual  flow  with  the  3yaten  of  the  sources  arranged 
'■  b  lino  tarallol  to  the  incident  flow  and  passing  through  the 
>r1*'ln  f  i..t*  let.  (Fig.  19),  whereupon  the  distribution  of  tr.c 

•  •  Is  selected  from  a  oupp  lenient  ary  condition  which  is 

•  o  .-d  to  the  fact  that  the  pressures  on  the  Jet  boundary  arid  the 
el  cent  flow  are  identical. 


Fig.  16.  Flow  lines  in  a  liquid  being  sucked  iri 
toward  an  axisymmetric  submerged  jet  which  flows 
out  from  a  slot  in  a  wall. 

Fig.  II  Flow  lines  in  a  liquid  beihfe  *d  United  lii 
toward  an  axially  symmetrical  Jet  which  flows 

out  from  a  nozzle. 


The  axis  of  the  jot  calculated  by 
tut  .ary  ar  platted  or.  Fig.  19  and  the  corresponding  experimental 
f  to  are  given;  furthermore,  the  velocity  fields  in  two  orthogonal 
J  •  cross-sections  are  depicted  (the  experiment  was  conducted  with 
a  ;  lane  Jet  of  ail*  which  flows  cut  at  an  angle  of  90°  to  the  airflow 
with  ratio  of  velocities  uu/un  -•  0.2). 


A.  Girshcvlch  and  it 
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Fig.  18.  Flow  lines  in  a  liquid  being  3ucked 
in  toward  an  axially  symmetrical  Jet  which 
flows  out  from  a  tube  which  is  inserted  flush 
into  a  plate  (tha  tat  flows  out  on  a  flat 
screen). 


Fie.  19.  Configurations  of  an  airflow  which 
flows  out  into  a  lateral  airflow  at  an  initial 

angle  of  90*  with  ratio  of  valooltlaa 
uH/u0  -  0.2  (points  •  experiment). 

kifesit  L  WMr 

Figure  20  gives  the  theoretical  curve  and  the  experimental 
points  of  change  in  velocity  along  the  axis  of  a  Jet  Tor  the  same 
conditions.  Q.  S.  Shandurov  indicated  a  simple  method  cf 
considering  the  dissimilarity  of  the  densities  of  lateral  flow  and 
a  Jet  consisting  in  the  fact  that  with  equal  values  of  the  relation 
of  dynamic  pressures  the  pictures  of  the  flow  coincide. 


In  certain  cases  it  is  necessary  to  deal  with  turbulent  jets 
subjected  t<-  the  action  of  gravitational  forces.  If  the  direction 

of  a  Jets  of  g&3  which  has  in  tha  Initial  erott  •action  a  density 
which  differs  from  that  in  the  environment  differs  from  the  vertical, 
the  gravity  distorts  it.  In  the  works  of  S.  N.  Syrkin  and  cf  D.  N. 
Lyakhovsky  [20]  the  forms  of  the  axis  of  a  Jet  of  heated  air  which 
flows  out  into  air  of  normal  temperature  are  experimentally 
investigated;  the  axis  turned  out  to  be  more  distorted  the  greater 
the  preheating  of  the  air.  V.  V.  Baturin  and  I.  A.  Shepelev  [ 2 1 3 
and  G.  N.  Abramovich  [1]  developed  theoretical  methods  of  calculation 
or  the  form  of  a  distorted  Jet.  It  turned  out  that  all  the 


experimental  data  can  be  placed  on  a  single  theoretical  curve  if 

we  Introduce  Into  the  calculation  Archimedes's  criterion 

.  AT, 

A  r  «  -  .  - 

i'l  1  h 

('}.  A.  Abramovich's  comparison  of  experimental  points  with  the 
calculated  eurv«  Is  given  on  Pin;.  21). 

A 

An  Interesting  example  of  the  use  of  curvilinear  nonisothermal 
.lets,  called  fountains,  Is  the  ventilation  of  the  large  exhibition 
pavlllion  In  Sokolniki  Park  (Moscow).  Jets  of  cold  (street)  air 
are  fed  to  the  premises  from  several  Inclined  slotted  openings 
arranr  along  opposite  walls  of  the  pavlllion  (Fig.  22).  Under 
i’tlcn  of  the  initial  Impulse  ’tnese  Jets  rise  upward,  but  the 
!  r  density  In  cold  Jets  is  greater  than  in  the  air  of  the  pavlllion, 

.  consequence  of  which  the  vertical  velocity  In  the  jets  gradually 
decreases;  at  some  height  the  initial  impulse  Is  balanced  by  the 
Arcnimedes  force  directed  downward,  whereupon  the  Jet,  under  the 
action  of  the  latter,  begins  to  drop  and  finally  it  comes  into  the 
operating  zone  of  the  pavlllion  but,  in  this  case,  the  jet  already 
manages  to  warm  up  -  and  thus  In  the  working  zone  where  the  visitors 
cf  the  pavlllion  are  located  it  is  possible  to  create  comfortable 
conditions.  The  described  ventilation  system  was  designed  according 
to  I.  A.  Shepelev's  theory. 

In  recent  years  theoretical  and  experimental  studies  have  been 
conducted  cf  the  convective  Jets  which  arise  near  healed  horizontal 
I’ll  Jet  of  gas  [22]  surfaces. 

There  are  imnortant  results  for  the  turbulent  Jets  in  which 
i yakhovskiy( flames  of  combustion)  occurs;  without  dwelling  on  this 
question,  we  will  refer  the  reader  to  the  appropriate  literature 
i  i  ,  2  3 1  • 
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PiR-  20.  Wg.  21. 

Pig.  20.  Change  In  dimensionless  velocity 
along  the  axis  of  a  Jtt  Which  flows  out  into 
a  lateral  aifflow  at  an  initial  angle  of  90° 
with  ratio  of  velocities  uu/u„  •  0.2  (points 
experiment) .  .......  n. ,  u  . 

Pig.  21.  The  axis  of  a  submerged  air  Jet 
distorted  by  gravitational  forces  (joints  - 
experiment) . 

tf*M  w  ill  HMsImy  if  •  Mfti 


Pig.  22.  Fountains 
of  cold  air  (the 
axis  of  the  fountain 
lt  shown  by  the  dot- 

dash  line). 


Wg.  23*  Diagram  of  an 

underexpanded  supersonic 
Jet  and  curves  of  the 
decadence  of  the  coeffi- 
eent  of  average  velocity 

U  ■  u/a  )  on  the 
HP 

relative  area  of  cross 

section  (f  •  P/F  ) 
a 

calculated  from  conditions 
for  the  conservation  of 
momentum  J  and  the  weight- 
to-mass  flow  rate  of  gas 
(in  the  initial  and 
maximum  cross  sections 
both  conditions  are 
satisfied  simultaneously). 
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A  special  problem  18  the  supersonic  gas  Jet.  In  this  regard, 
in  the  case  of  the  so-called  dtaign  condition*  of  outflow  with 
which  the  pressure  in  the  Initial  section  or  the  supersonic  Jet 
equals  the  ambient  pressure  the  regular  laws  of  development  of 
a  Jet  remain  the  same  in  principle  as  for  a  subsonic  Jet  of  variable 
density  (one  should  only  consider  that  the  density  distribution  with 
high  v«locities  is  connected  with  the  velocity  distribution). 

Block  Italic  TrHS4lit«  rvtion  li^k  I'-aJ-ie  Trd»f 11 tt ratio* 

In  the  case  of  off-design  outflow,  i.e.,  with  an  initial 
pressure«different  from  that  in  the  surrounding  environment,  the 
form  df  a  Jet  la  modified  and  requires  special  3tudy. 

C  •  t  «  Ye.  yej  t,  •*  X  *  X  *  £*  ** 

w  .  ,  „  .  h  ■  *  -it 

The  .chief  characteristic  of  dn  offrdeslgn  supersonic  Jet  is  the 

d  fact  that,  beginning  from  the  mouth  of  the  nozzle,  a  considerable 

A  il  x  y  *  <  t  j  .  * 

restructuring  of  the  flow  appears  in  tha  process  of  which  in  one 

or  another  system  of  rarefaction  waves  and  shock  Waves  which  depend 

14  m  jd  »  *  >  1  r 

on  the  outflow  conditions  the  transition  occurs  from  the  initial 

pressure  In  the  Jet  toward  the  aldbltnt  pressure. 

n  n  11  r,  p  «  •>•*»  >  ■■■ 

The  section  of  such  a  transition,  which  is  characterized  by 

a  considerable  nonuni foraity  of  the  pretsurt  field,  la  called 
the^  gm-Aynttrio  notion  and  is  a  subject  of  special  study  [?];  we 
will  not  dwell  on  it  elnee  turbulent  sitting  has  secondary  significance 
here. 


However,  beyond  the  limits  of  the  gas-dynamic  section,  the 
Jet  becomes  lsobaromctric  and  its  subsequent  development  is 
determined  by  the  laws  of  turbulent  mixing.  In  the  initial  section 
of  the  isotarometrlc  section,  the  velocity  profile  has  a  considerable 
nonuniformity  (with  a  dip  close  to  the  axis  of  the  Jet)  which  deper  • 
on  the  form  of  the  gas-dynamic  section  and  changes  with  the  degree 
of  off-design  n  »  Pa/PH  (Pa  -  pressure  at  the  nozzle  edge,  p}<  -  the 
pressure  in  the  environment)  and  with  the  Mach  number  at  the 

beginning  of  the  Jet  ( M  ) . 

a  . , 

*1  3-7-  11 
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An  interesting  study  of  an  off-design  supersonic  Jet  was 
performed  by  B.  A.  Zheatkov,  M.  M.  Maximov  et  al  [1].  A  simple 
method  for  the  determination  of  the  form  of  the  jet  on  the  gas- 

dynamic  section  wee  proposed  by  A.  Ya.  Cherkea  [24];  a  detailed 
experimental  and  theoretical  Investigation  of  the  lsobarometrlc 
section  of  a  supersonic  Jet  was  conducted  by  Chiang  Tse-hsing  [27]. 
In  At  Yat  Cherkee's  mentioned  work,  the  calculation  cf  the  gas- 
dynamic  section  whose  diagram  is  given  in  fig.  23  Is  conduct*  d  by 
the  methods  of  one-dlmen3ional  gas  dynamics  with  the  use  of 
equations  of  conservation  and  without  consideration  of  the  mixing-ln 
of  the  surrounding  environment  with  the  Jet. 


An  important  result  of  tht  work  of  B.  A.  Zhestkov,  M.  M. 
Maximov  et  al  is  the  establishment  of  the  fact  that  the  damping  of 
velocity  on  a  large  part  of  the  lsobarometrlc  section  of  the  Jet 
In  expressed  in  logarithmic  coordinates  by  parallel  straight  lines 
that  have  the  same  slope  as  in  the  Jet  of  a  noneompreeslble  liquid; 
the  effect  of  the  degree  of  off-design  and  the  initial  value  of  the 
Mach  number  Is  manifested  primarily  in  the  shifting  of  the  point 
where  the  drop  in  velocity  on  the  axis  of  the  Jet  begins,  i.e.. 

In  a  change  in  the  abscissa  xn  of  the  beginning  of  the  main  section 
of  the  Jet  (Figs.  24  and  25). 


Fig.  24.  2$. 

iAi'f  'i»gv  1 1  yif  r*  p*  i  „  j  ts . 

Fig.  24.  Curves  of  the  change  In  dimensionless 
velocity  along  the  axle  of  a  supersonic  Jet  with 
different  values  of  the  degree  of  off-desifen 
n  ■  pVpu  for  M_  •  1.5. 

*n  n  a  H  a 

Fig.  25.  Curves  of  the  change  in  dimensionless 
velocity  along  the  axis  of  a  supersonic  Jet  with 
different  values  of  the  degree  of  off-design 
n  =*  p  /p„  for  M  -  3. 
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Everything  said  pertains  to  a  submerged  supersonic  Jet.  With 

the  presence  of  a  cocurrent  flow,  the  picture  of  the  flow  becomes 
complicated  and  up  to  now  has  been  little  studied. 


n  Work  in  the  field  of  turbulent  gas  Jets  is  being  conducted  ,<n 
the  present  time  in  many  domestic  and  foreign  laboratories.  One  of 

t  ii  |  | 

the  important  directions  of  these  studies  is  research  on  the 

u  '•  . 

turbulent  microstructure  of  a  Jet  and  the  establishment  of  the 
direct  connection  between  it  and  the  averaged  flow  conditions'. 

Only  the  first  steps  In  this  direction  thus  far  have  been  made  in 

§  I  j  5  e 

the  works  of  A.  S.  Qinevskly  et  al  [25],  3.  N.  Abramovich  et  al 
[10 J  and  some  studies  of  foreign  authors  [26]. 
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!•  *n.  Cip  "fm  uar. 
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THE  fURtfULEfiT  MI)(tN6  OF  FREt  5 AS  JeIs 

t.f  tli*  v  l  -  cjuv  i  1’j.o*  n  Imln^u  ''olUi  a,  inol  I  In  nonlineiir 

ttwilllt''  r  r/.  In  •*«»ent  y  **rs  c-sn^iAtrvt  t#  r>rofr*.j4  hy  bi'  ,i 

L.  A.  Vulis 

» c  il«  l.  wm<  .  • ri • »  of  v*rv  i  i-  *  v.-  t 1  i»,  »  -i.t.  «JiMr  <  ly 

rlf^  m  ir  f'nic  .  u?  Ions  i  «  v  *  been  obt  a  1  h  *  *•  ,  , .  I  In  ptprt  1  .  jr  t  '  c 

( Leningrad) 

Xfrp  1*  o  it  ' 1 it i  i>r  tb*  (wftnod  of  ipoU  o*  nL't'  n  la'  b  n 

1-  Very  considerable  attention  ia  given  in  domestic  and 

foreign  literature  to  the  study  of  the  turbulent  Jets  of  liquid 

4U-  ‘lions  w -r*  illuminated  in  detail  In  re  ort  bv 

•»  .  i.  j j mu  4  n  4  r.  *tn  f  r\  P  ni  1  hU  T  r 


in  Svyo'i”-  .  In  tTiT'S  rBjtori  th*  ate 

valuable  Information  about  the  mechanism  of  turbulent  motion  and 

» x «ml r.t  i'.r  i  .  oT  a  nuibrlcax  a  lu.  Kn  or  tnf  •qu*t loiv 

turbulent  transfer.  In  this  respect  it  13  significant  that  after 

(  f  iiyd  i.'  .  i-  iJltj  and  full  havler-lltoke  v  Ivkuhiu  .  - 

a  temporary  decline,  interest  increased  noticeably  again  in  the 

V.  will  t»  -*  u  *1)  or  n  que.iion,  ,  ,  ^  , 

detailed  study  of  the  pulsating  structure  of  turbulent  flows,  in 

particular  Jet  flows.  Especially  promising  for  the  present  are 

‘  will  pt  1“  ny  i  r  l  to  r  i  ij.  .tit  pidl.ioiid  u: 

isolated  attempts  at  active  influence  (mechanical,  acoustic, 

iity  nu  la#  u»i  i<  results  or  this  ti.ecrv  wnicu 

electromagnetic  -  for  a  conductring  medium  and  others  [1-3')  on  the 

l.it-  to  ti  Indicated  prebx  an  n  >•  wui  ixin.ine  tr  e  rt'lultl 

development  of  Jets.  ..  , 

ti  .  i  r  .  ii_  ntsiarcn  on  the  teitmt  'f  tin  eon -1  loiorn  o  t  ..I 

unte^  •tfetrUiby  tnoorv .  *c-nt  r#l-ilts  cf  tit  study  cl‘  flows  in  the 

If,  at  the  first  stag?,  during  the  creation  .of  the  theory  of 

itlon  i  1  urid,  *  laany,  l«e  i  work  or  noni  near  theory 

turbulent  Jets,  the  main  thing  was  the  development  of  general 

of  1  yui  y:  .Ti'  t  nil  lll^.  ^ 

regularities  (similarity  of  flow  and,  in  particular,  the  self- 

similarity  of  Jets  according  to  Reynolds  number) ,  then  at  the 
present  time  the  primary  thing  becomes  the  clarification  of  the 
finer  features  of  the  flow  and  the  role  of  different,  in  the  first 

FT:  -*7-21-79  >-*72  2 
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approximation  "secondary1'  factors.  In  light  of  the  aforesaid, 

let  us  examine  some  general  questions  of  the  theory  of  turbulent 
1et3  and,  In  more  detail,  the  results  of  one  of  the  attempts  at 
the  active  influence  of  a  flow  [1»  11]. 


w|*»n 

s  i 


2.  The  theory  and  the  methods  of  calculation  of  turbulent 
jets  are  one  of  the  developed  sections  of  the  pontemporary  semi- 
empirical  theory  of  turbulence.  Without  going  into  details,  let 
uj  note  the  satisfactory  solution,  In  general,  of  the  basic  problem 
of  such  theory  for  a  number  of  flows.  Drawing  on  limited 
empirical  information ,  It  la  pesalble  to  arrive  at  sufficient 
agreement  (frequently  within  the  limits  of  the  accuracy  of 
experiment)  of  the  calculated  and  'experimental  data  for  the  middle 
flow  (in  Reynolds'  sense).  As  a  rule,  this  can  be  achieved  in 
different  ways.  Actually,  diffarent  semi* empirical  methods  of 
calculation  of  turbulent  Jets  (based  on  the  scheme  of  an  asymptotic 
boundary  layer  or  layer  of  finite  thickness,  on  the  Integration  of 
differential  equations  under  speolfio  assumptions  about  "turbulent 

liltr 

viscosity"  or  on  the  use  of  integral  relationships,  on  the  polynomial 
representation  of  the  velocity  profile  or  friction  stress  or  on  the 
a  priori  selection  of  the  profile',  etc.1  t*J,  5,  6J)  in  a  number  of 
cases,  especially  for  self-similar  Jets,  lead  to  a  satisfactory 
description  of  the  middle  flow.  It  Is  more  complex  with  nori-self- 
slmilar  Jet  flows;  however,  even  here  different  interpolation 
schemes  ([^,  6,  7,  8}  and  others)  and  especially  the  method  of  the 

q  •  i 

equivalent  problem  of  the  theory  of  thermal  conductivity  [5]  prove 

to  be  sufficiently  effective  for  engineering  calculation  in  certain 

If.  •■pfcti-**  (e),  ttb*  ■*  1  i a  t  1 

crises. 

SaHtrfeif  t  J  &4  jSHitaaii 

The  fundamental  problem*  standing  In  this  area  are  Connected 
with  the  expansion  of  a  nevertheless  comparatively  narrow  circle 
of  flows  which  yield  to  calculation  and  to  the  reduction,  to  the 
minimum,  of  the  data  borrowed  from  experience.  As  concerns  the 
selection  of  a  more  effective  method  of  calculation,  (for  turbulent 
Jets  of  a  noncompresslble  liquid)  this  question  is  not  so  fundamental. 
One  should,  however,  indioate  certain  advantages  of  the  method  of 
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th*  8i-411  pi-r«-w-#r  1/aft  which  eoriaidvra  th*  viacoiity  effect;  an 
equation  not  allowing  for  vlacoal'y  has  altogether  only  a  second 

ord*r; 


the  asymptotic  layer  over  the  layer  '■•f  the  finite  tni^ki  ess  and 

the  necessity  for  a  difference  ln(t.he  nominal  thicknesses  'of  the 
dynamic  and  thermal  layers  fin  accordance  with  the"  value  of  * 
"turbulent  Prandtl  number"  or  the  order  of  0.7-0. 8  for  ; he  thermal 


and  diffusion  problems)  and  others. 

wi-iy  first  atttfttta  at  tha  solution  of  equation  (6)  by 

app  Also  waiting  its  turn7  Is  the  extension  of  the  investigation 

of  the  balance  of  fluctuating  energy  for  problems  of  the  theory 
of  turbulent  jets  for  which  this  method,  apparently,  will  be  very 

f*!%<ft?WM.r8  c®11  bsnoat  as  table.  This  conclusion  did  nit 
correspond  to  the  point  of  »i*w  which  existed  taan  and  It  was  feat 


3.  More  complex  than  for  t'he  noncompress  1  Me  liquid  In  the 
matter  of  the  study  and  calculation  of  the  turbulent  Jets  of  a 
compressible  gas  F  Characteristic  of  the  latte”  •'s  a  certain 
contradiction  in  experimental  reference  data  on  turbulent  mixing. 
While  some  authors  f ^ ,  9]  consider  the  intensity  of  turbulent  mixing 
In  cbcurrent  gas  jets  minimum  with  the  identical  values  of  velocity 
in  the  Jet  and  surrounding  environment1  9],  others  cite  data 


which  testify  to  the  presence,  in  the  conditions  of  the  experiment, 
of  a  minimum’ in  the  intensity  of  mixing  with  approxlmataiy  Identical 
values  of  ou2  [5rlOT*  Finally;  assertions  are  also  encountered 
about  the  determining  roi^  of  the  value  pdT  However  the  question 
as  a  whole- is  much  more  complex.  ** 


Each  of  these  conclusions  is  based  on  experimental  data  obtained 
urfder  specific  conditions r  Therefore?*  it  is  difficult  to  assume  that 
the  divergence  is  caused  onljr  by  the  difference  in  the  procedure 
for  processing  the  experiment  alone  (in  some  works  the  judgement 
on  the  intensity  of'Vifxihg  is  ba3ed  on  a  comparison  of  secondary 
(irtfrdcteristics  the  thickness  of  the  mixing  region  C91.  In  o* 
oh  the  direct  miki^^  ofJthe  gas  from  the  jet  and  the  coeurrent  flow 
[10]).  Itf  is  more  probable  that  under  -the  different 'conditions  of 


lFor  the  outflow  of  a  jet  of  denser  gas  into  the  cccurrent 
flow  of  a  less  dense  gas  .  k 
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*  -.•  experiment,  the  effect  of  the  Initial  conditions  difficult  to 
•onaidcr  is  felt  -  the  velocity  profile,  tha  Initial  level  and 
-  al<  of  turbulence,  Intermlttance,  and  also  the  value  of  the 

hbynoiuo  number.  The  role  of  these  factors  is  also  Insufficiently 
eiarified  for  the  turbulent  Jets  of  a  noncompreBsible  liquid.  It 
1.  Known,  in  particular,  that  with  a  decrease  in  number  itRe  ■  uQd/' 
i"!iore‘ii(  Is  the  exhaust  velocity)  the  intensity  of  attenuation  of 
ub merged  turbulent  Jet  does  not  fall,  which  would  be  natural 
at  first,  >-\ane«?,  but  increases  noticeably.  Apparently,  the  mutual 
ui'pl  ’  cat-1  on  o*  molecular  and  molar  effects  in  the  initial  and 
i  ran  Ufcify  “Jecflont.  of  the  Jet  has  a  substantial,  effect. 

*■1  ‘  '  xj*  t;  li  Nil  TH-li 


a 


.With  a  somewhat  increased  (to  8-10Jf  and  more)  initial 


turbulence’,  *jr  f.ests  show  [5],  a  unique  developed  regime  of  the 
turi  ul-inf  flo:\  is  accomplished.  In  this  case  the  profiles  of  values 

/  p  *  /  *  «  ' 

of, pu  ,jetc.,  in  gas  Jets  (and  the  burning  flame  [10])  become 
universal.  Under  these  conditions  the  leading  role  of  the  difference 

p 

in  value?;  of  pu  in  turbulent  mixing  (in  the  range  of  values  of 
Parameters  studied  in  the  experiments)  is  usually  exhibited.  On 

the  other  hand,  with  the  effective  suppression  of  the  Initial 
turbulence  (for  example,  with  outflow  through  extremely  fine  grids 
which  rarely  lower  the  vtlt'b  of  the  scale  of  turbulence)  the  regular 
laws  of  molecular  (and  close  to*it  fine-scale)  mixing  are  more 
.’trougiy  pronounced,  especially  in  the  Initial  section  of  the  Jet. 

The  representations  need  direct  experimental  check.  And  although 
specially  po?,,  d  experiments  with  the  diffusion  combustion  of  a  gas 
showed  that  the  length  of  flame  is  noticeably  greater  (and, 
consequently,  mixing  is  worse)  othei*  conditions  bfelng  equal  if 
the  values  of  pu‘  in  the  Jet  and  eocurrent  flow  are  identical  [10]), 
here  too  '.lie  effect  of  secondary  factors  could  be  felt. 


1/  U  l 


(7) 


4.  For  an  investigation  of  the  features  of  the  development 
of  a  turbulent  jet  under  conditions  of  an  increased  (in  which  regard 
controlled)  initial  level  of  turbulence,  experiments  were  conducted* 

iV  . 


With  the*  ar  Wipation  of  K.  Ye.  Dzhaygashtin  and  I.  A. 
Kol'manson.  m 
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lit  lUjSTlitUWt  1__ 

q:ai.<tl><n  (A)  fo<*  llvtn  a  aU  Da  Mill  IM  p 

on  a  unit  with  a  mechanical  vortex  generator  described  in  the  work. 

'The  preliminary  results  of  the  examination  make  It  possible  to  draw 

a  number  of  conclusions  apropos  the  structure  of  the  middle  and 

fluctuating  flows  in  such  a  jet.  It  was  made  clear  that  for  a 

field  of  average  velocity  the  determining  criterion  is  the  value 

of  the  Strouhal  number  Sh  *  n  thc  number  of 

revolutions  of  the  disc  of  the  vortex  generator,  dQ  -  the  diameter 

of  the  nozzle,  u~  -  the  exhaust  velocity).  With  an  increase  in 
o 

the  Sh  nurtber  the  intensity  of  turbulent  mixing  Increases  noticeably. 
Some  data  which  Illustrate  this  are  given  in  Pig.  1  (change  of 
velocity  on  the  axis  of  the  Jet  at  different  values  of  Sh  number) 

and  Pigs.  2  and  3  (velocity  profile  -  Pig.  2  -  and  temperature 

I •  u;d-r  to  u*  5-ji  i%am  sr  y  wujr  to 

profile  -  Pig.  3  -  in  the  transverse  cross  sections  of  a  weakly 


th> 


lir:U  rturbal ioa*  o£  Fwjp*,  II  — - -  —  -  - 

heated  Jet).  Analogous  data  were  obtained  with  j  considerable 

export'  ilty  to  .  *'.'u  t  i.  1:0,. 

variation  in  the  conditions  of  the  experiment  (with  d  *  10,  20 

f  ctio:  easru  \0r.3  th  •  •  *#ii  --i.  *•  -  •«,r  -  •  "  •  valw* 

and  *10  mm:  u~  *  20-130  m/s:  n  *  0-250  r/s). 

pre  »  in  -  .  1  Ot  c  .  ,  ■  *1  b'- 

j  n'unctlors  do  i.*»t  fo.-a,  a  c<  ,!(*  ^  »• 

For  the  characteristic  of  the  total  intensifying  action  of 

thi*  cxptfLttl  Xi  Oe  MUU .  IV  iw  tM  BOBMit  CM,  1 

the  vortex  generator  let  us  note  that  the  air  flow  rate  in  the  Jet 

plans  flow  or  Cou*x -e  fM  ■tMnniBLitdi  of  Uto  a ! mr. f ’ xu? t * , -a**,  ana 

was  subordinated  to  a  relation  of  the  type  (for  cross  sections  with 

elg  t  _.m*s  lo  crane  H  ■  „  y  ■* 

ratio  x/d  <  20)  m/m_  ■  1  +  0.2  k  (Sh)  x/d ,  where  k  *  1;  1.18;  1.36 

atlc  at  ow  ,ub;  *"  au  u  fc  2  „  t  ^  .  _ 

and  1.44  respectively  for  numbers  Sh*10  ■  0;  3-7;  8.0  and  10.5. 

*re  n  -itive. 

In  this.  In  all  cases  number  Pr.  .  s  0.75. 
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In  **»orl tu*  with  forecast ;  cf 


pt  rt*rf**tia 
II.!  4.-  «t**J 


esearch  on  the  fluctuating  structure  of  a  Jet 
el).  Interesting  conclusions  were  obtained  with 
-aphic  observations  of  the  fluctuations  of  velocity 

first 


It  became  clear 


lec trot hermoanemomet er 


with  t h 
of  all, 

superimposed  with  the  aid  of  the  vortex  generator  in  general  one 
should  distinguish  three  characteristic  regions  of  flow.  In  the 
first  of  them,  adjacent  to  the  mouth  of  the  nozzle,  the  flow  Is 
quasi-regular;  the  oscillation  frequency  is  equal  to  double  the 
number  of  revolutions  of  the  disc.  In  the  second  -  transitory  - 


forced  oscillations.  Finally,  in  the  third  the  characteristic 
irregular  turbulent  spectrum  of  fluctuations  is  observed.  As 
concerns  the  dimensions  of  the  regions  occupied  by  each  type  of 
flow,  ithey  depend  on  the  value  of  Sh  number.  With  Sh  number  >0.1- 
0.12  practically  the  entire  Jet  is  a  region  of  developed  turbulent 
motion i  whereas  with  small  values  of  Sh  number  there  is  a  distinctly 
expressed  section  of  a  "fluctuating"  quasi-monochromatic  Jet  in  it. 
The  qualitative  picture  of  the  flow  in  a  Jet  with  Sh  number  =  0.00r> 
la  Resented  on  Fig.  where  the  boundaries  of  characteristic 
1  zones  and  also  the  profiles  of  average  speed  are  shown.  The  same 
figure  presents  the  characteristic  oscillograms  of  fluctuations  for 
i  all  three  zones  (and  for  comparison  with  number  Sh  =•  0). 

T-ke  a  number  of  ob  ur1  it  ion-  , 

As  concerns  the  value  of  the  intensity  of  fluctuations,  with 

a  sufficiently  large  Sh  number  it  Is  htgher  than  in  a  usual  Jet. 

Hius*  with  number  Sh  *  0  at  the  nozzle  edge  £u  •  u'/u^-O. 5-1 . Of ,  and 
with  x/d  «  10  on  the  axis  of  Jet  •  18*.  With  number  Sh  >  0.03 
the  initial  value  Cu  -  10-12*,  and  the  maximum  (on  the  axis)  it 
4  brat  i  Bhifted  tb  i/d  «  4  and  13  equal  to  *  32*. 

Most  complex  Is  the  nature  of  the  change  of  value  (u  (and  also 
of  the  entire  picture  of  the  flow)  in  the  first  region  of  the  flow  - 
With  quaai-regular  fluctuations,  for  the  interpretation  of  which 
additional  measurements  will  be  required  (specifically,  frequency 

characteristics) .  i  <-» 

vno^li  nu  »b*r*  w*a  otUuJnel: 

The  obtained  data  as  a  whole  make  it  possible  to  assume  that 
with  the  further  examination  of  a  Jet  with  forced  fluctuations, 
along  with  the  obvious  applied  resu]ts,  additional  information  ca*-. 

be  obtaihed  about  the  structure  of  a  free  turbulent  flow. 
Specifically,  this  pertains  to  the  picture  of  the  transition  from 
the  [initial,  Approximately  monochromatic,  low-fre^Uency  fluctuations, 
given  by  the  vortex  generator  to  the  complex  turbulent  spectrum. 

if|.  »  <  .11  d*.m»  of  tcrtHlenc*  :if  “•»«  ljuriActti  font  ■?•***  e 
p-  tr  lawllattiy.  In  eenwnt  of  v  *  lvwmh  zr  I  tie  I  taw  Interval 
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EXPEK1MLN '  ,L  STUDY  Of  THE  MIXING  OF  ISOTHERMAL 

AND  NON ISOTt'F. RMAL  TURBULENT  COCURRENT  JETS  IN 
NOZZLES 
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t‘1|i  , 

-Tit;  ..tiny  turbulence  characteristics  in  flows  in  ducts  of 
var!  ahf  i-  t  section  13  an  important  problem  of  the  aerodynamics 
f  vi:-. co  i. ;  flow.  Sufficiently  complete  information  about  the 
turbulent.  - rent  ers  over  a  wide  range  of  flow  conditions  is 
nercisarv  'Yu*  the  creation  of  methods  for  the  calculation  of  flows 
li.  duct.  which  rest  on  the  real  representations  of  the  process  and 
use  physical  tiaramotors  for  the  description. 

*  ■  T^nr-  if  Li"*  nr-fcJiri  rf  *  L  t  *,  -j#*  te  I  ViZJ  t«~>* 

-  •  .  r>  Iti.  in  f  c  v  ^op:r  . 

oun:  a  parameter  which  describes  diffusion  in  a  transverse 

direct-ion  i  the  mean  square  deviation  of  liquid  particles 

(d.!  spurs  Jr  from  middle  lines  of  current.  The  use  of  disperni 

.  .  .  ..ft  i  j r  ii  t 

averaged  r-  cross  section  forma  the  basis  of  the  diffusion  model 
of  a  free  turbulent  Jet  [1]. 


ilia  u;  <;  of  dispersion  for  the  description  of  the  mixing  prcce.c 
in  iucts  of  variable  cross  section  is  complicated  by  the  fact,  that 
unlike  t*  e  c  of  the  free  Jets  its  change  Is  determined  not  only 
by  the  processes  of  mixing,  but  also  by  the  deformation  of  the  flow 
with  a  change  iri  the  area  of  the  cross  section. 
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Let  us  examine  the  picture  of  the  flow  in  the  unit  which  was 
used  in  the  experiments  (Fig.  1) .  A  heated  Jet  which  consists  of 
the  combustion  products  of  gasoline  rarefied  by  air  was  partially 
mixed  with  a  cocurrent  flow  of  cold  air  and  it  fell  into  a  narrowing 
nozzle.  Experiments  were  carried  out  with  the  identical  velocities 
of  the  jet  and  the  cocurrent  flow.  With  the  flow  of  a  nonisothermal 
flow  in  the  nozzle  the  shift  of  longitudinal  velocities  is  developed. 
This  is  connected  with  the  fact  that,  as  is  established  by  experiment, 
the  total  pressure,  on  the  nozzle  edge  is  constant,  i.e.,  in  the 
process  of  flow  in  the  nozzle  a  transition  proceeds  from  a  flow 

with  constant  velocity  to  a  flow  with  constant  velocity  coefficients 

2|»  t  y» 

in  the  cross  sections.  -  )  » 

j  r  v  u,  i»l  -  * '  ? . 

The  characteristic  determined  by  the  mixing  process  Is  the 
difference  in  the  dispersion  of  a  real  flow  and  a  hypothetical  flow 
under  the  assumption  of  the  absence  of  mixing  on  the  investigated 
section  of  the  nozzle.  In  this  case,  aB  wi31  be  shown  below,  for 

■fWii  Ti  2m*  £  j.”  I  i  Ul  ^  i  li  *  x  v  » 

the  description  of  the  process  in  the  nozzles  it  is  more  convenle'.', 
to  use  dispersion  -  tr^/r^(x)  ]o^(x) ,  reduced  to  the  radius 

of  a  cylindrical  chamber;  and  to  characterize  the  mixing  by  the 
difference  (x)  m2a»c(x)  ”5*00^*^’ 


The  expression  for  determining  the  change  in  the  absenc 

of  mixing  In  the  nozzle  can  be  obtained  from  the  condition  for  the 

■  ■  *  *•  ■ 

retention  of  surplus  enthalpy.  Taking  the  form  of  the  profile  of 
the  stagnation  temperature  in  the  form  of  Gaussian  curves  (i.e., 
considering  real  profiles  lr.  the  entrance  mouth  of  the  nozzle 


sufficiently  broad  and  the  diameter  of  the  chamber  so  large  that 
an  Increase  ir.  .temperature  at  bha  walls  due  to  mixing  is  lnsignifi- 
cant),  the  extreme  v:<lue  of  dispersion  £^co  attained  in  cross 
sections  with  constant  velocity  coefficients  can  be  found  from  the 
expression  (with  constant  velocity  in  the  initial  cross  section  of 
the  nozzle)  r*.-^  t§4i  •  — ** •  if 

"s  w  *)  '*’•  *  1  1  or  1  ,(1) 

sM  SF  1M  ■  f  tmn  -ct  thv  ntigy 


e 
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where  is  the  dispersion  at  the  end  of  the  cylindrical  chamber  and 

l'j  >  To  -  the  maximum  and  minimum  stagnation  temperature  in  the 
entrance  mouth  of  the  nozzle. 


| 


ILr-  1.  Experimental  unit:  1  -  precombustion 
chen!  »r :  2  -  differential  thermocouples;  3  -  electric 
all  traversing  equipment;  -  equalizing  grid 
(distance  between  centers  of  holes  9  mm),  diameter  of 
holes  6  mm);  5  -  asbestos  heat  insulation;  6  ~  movable 
thermocouple  for  the  measurement  of  temperature  of 
Jfc-t  .  ‘  '  4  **  **  .6) 

KEY:  (1)  Air. 


CKtin1.  r  >•  Mrr'-  ■■  :  ,t  il;  ■ _ — ;  in  Ota  lt*»r 

in  fcho  legion  of  transition  from  a  flow  with  constant  velocity 
to  a  flow  with  the  constant  velocity  coefficients,  the  value  T^^Cx) 
,io  described  by  ai  approximate  expression  valid  with  small  distances 
from  toe  entrance  mouth  of  the  nozzle: 


■*ar 


■li*r, 


Him 


*r«  Ilfs  •- 

where  v ( k ) 


v  <r\  r>  |»„ '•  ‘V (/)  1.1  iri  K  1.  oil',. 


X  is  the  velocity  coefficient 

In  the  **1"'  16 


_  _  >__id  tiic  r' l 

in  the  uoz:  :  with  isotherrtial  flow.  In  the  case  of  a  constant 

p*"*”  $  i  Jfc>  r€<^i  ■  ? 

velocity  fficient  at  the  end  of  the  cylindrical  chamber  or  with 
an  isothermal  one-dimehsional  (*)  =*  o~ . 

CC  K 


Tri  the  extreme  case  of  small  overheatings , -when  th^  longitudinal 
velocity  component  in  each  section  is  constant,  the  mixing  is 
determined  by  the  behavior  of  the  coefficient  of  turbulent  diffusion 
along  tiie  nozzle,  whereupon  under  the  assumption  of  the  equidistance 
of  all  averaged  lines  of  flow  (in  dimensionless  coordinates) 


1 
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r  /r  (x)  =  const  parameter J^2(x)  is  connected  with  the  value  of 
the  transverse  diffusion  coefficient  by  the  relationship 


r*  D 
rjj  i*)*  m  * 


(3) 


where  u  is  longitudinal  velocity.  An  analogous  relationshic  for 

p 

dispersion  o  is  more  cumbersome  and  takes  the  following  form  [2]: 


The  measurements  of  the  quoted  dispersion (x)  with  small 
overheatings  permit,  in  accordance  with  relationship  (3)» 

investigating  the  behavior  of  the  coefficient  of  turbulent  diffusion 
with  deformation  of  the  flow.  Figure  2  shows  experimental  values 
ofJ^2(x)  with  the  mixing  of  the  weakly  heated  jet  in  a  Vltashinskiy 
nozzle  (length  JJOO  mm,  diameters  200  mm  and  85  mm,  pressure  gradient 
critical)  and  the  results  of  the  calculations  (curves  1  and  2). 


The  available  results  of  the  theoretical  investigation  of  the 
rapid  deformation  of  turbulence  obtained  in  [3]  make  it  possible  to 
determine  a  change  in  the  longitudinal  and  transverse  mean-square 

t  i  -  t  ^ 

velocity  component  along  the  nozzle. 

4  Li  *  •  -  ,L  J  f  J-  ... 

*  V.  M.  Iyevlev  obtained  formulas  for  the  change  in  the  scales 
of  turbulence  with  rapid  axisymmetrie  deformation ,  which  made  it 
possible  to  obtain  relationships  for  the  diffusion  coefficient. 

Apart  from  this,  V.  M.  Iyevlev  examined  the  case  of  the  gradual 
deformation  with  which  the  isotropy  of  turbulence  manages  to  be 
established. 

In  ftH.vull/  1 1*  wejta  if  ►  t'»r  (/I . 

The  calculation  of  the  transverse  diffusion  coefficient  under 
the  assumption  of  rapid  deformation  shows  its  increase  in  the  first 
quarter  of  the  length  of  the  nozzle  up  to  the  limiting  value  of 
■/'/Z  t*mes,  and  with  gradual  deformation  the  coefficient  of  turbulent 
diffusion  does  not  change.  Function  532(r)  for  rapid  (curvfe  1)  and 
gradual  (curve  2)  deformations  was  found  from  relationship  (3). 

itsed  in  the  calculations  wad  the  experimental  value  of  the  coefficient 

trv*  u«  -l  tv  parww  r-  :  ip  •  .  wt  .  •  -i  ■  itrut 
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of  turbulent  diffusion  in  the  chamber  which  was  found  by  means  of 

the  measurements  of  profiles  in  the  cylindrical  compartment 
established  between  the  nozzle  and  the  chamber  (a  straight  line 
approximating  the  experiments  is  shown  by  the  dotted  line  on  Pig.  ?). 


The  measurements  of  the  temperature  profiles  were  conducted  with 
iiffereritial  hromel-copel  thermocouples,  the  movable  Joints  of  which 
were  raised  simultaneously  by  electric  air  transversing  equipment 
ai  d  could  “.■v.e’y  emerge  from  the  nozz?-.  if  necessary.  In  the  analysis 
01  the  expei-1  <r.  nts ,  the  surptus  stagnation  termerature  was  taker,  as 
the  parameter  which  coincides  with  the  concentration. 


It*. .s  possible  to  show  that  if  the  change  in  the  quoted 

.11  spore J  on  £><x)  in  the  isothermal  flow  is  equal  in  the  nozzle 

and  the  cylinder,  then  in  both  cases  mixing  occurs  equally ,*i.e. , 

a  drop  in  toe  axial  concentration  of  the  Jet  (or  the  maximum  excess 

overheating)  occurs  equally  and  the  profiles  of  concentration 

coincide  with  an  affine  Increase  in  the  cross  section  of  the  nozzle 

up  to  tr.;?  dimensions  of  the  cylindrical  chamber.  In  particular,  for 

o 

the  non compress Ible  liquid  (r  u  ■  const)  when  D  »  const  the  behavior 

E?  c 

for  the  -nozzle  and  the  cylinder  should  be  identical.  The 
compressibility  effect  leads  to  the  fact  that  with  the  narrowing 

of  the  did  due  tr  :  decrease  in  the  density,  tne  velocity  Increases 
faster  ttv-:.  for*  the  noncoinpresslble  liquid.  This  leads,  with  the 
constant  diffusion  coefficient,  to  the  retarding  of  mixing  as  compared 
with  t-h-  'T.Jving  in  a  cylinder  (Pig.  2,  curve  2). 


,*;r  the  ac.'ura',y  of  the  experiment,  the  mixing  in  a  narrowing 
noz'le  and  cylindrical  tube  occurs  equally.  This  is  also  confirmed 
by  the  absence  of  the  stratification  of  the  relative  maximum  excess 
stagnation  temperatures  (Pig.  3).  (In  constructing  the  graph,  the 

results  of  the  measurements  were  corrected  in  accordance  with  the 
values  of  the  recovery  factor  found  experimentally  in  the  cross 
sections . ) 
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Ti,e  experiments  carried  out  in  the  expanded  part  of  a  Laval 
nozzle  (cone  *100  mm  long;  diameters  of  entrance  and  exit  85.3  mm 
and  90-0  mm;  subsonic part  a  with  a  length  of  200  mm,  Vitashinskly 
profile)  with  pressures  in  the  chamber  which  ensure  supersonic 
(M  =  1.0-1.*)  and  subsonic  (M  -  0.79-0.62)  conditions  showed  that 
in  this  case  the  retarding  of  mixing  due  to  compressibility  is  more 
ons. derable ,  especially  for  the  supersonic  conditions  (Fig.  *))• 

As  follows  from  the  graph ,  the  experimental  points  lie  nearer  to 
the  curves  calculated  under  the  assumption  of  gradual  deformation 
(D  =  const).  (To  explain  the  actual  mechanism  for  the  deformation 
of  turbulen  -c  with  flow  in  the  nozzles,  it  is  necessary  to  perform 
the  measurements  of  the  fluctuating  characteristics  of  velocity 
which  bt  have  substantially  differently  in  the  case  of  rapid  and 
gradual  deformation.) 

■*  »  •  -  A  A'lrv  *l  <  i' 


Ws  note  that  the  mixing  in  a  cylindrical  duct  corresponds  to 
a  value  of  the  coefficient  of  turbulent  diffusion  several  times 
larger  than'  with  established  tube  turbulence  (the  dotted  lines  in 
Figs.  2  and  4  correspond  to  D/2^%  *  0.006  while  for  the  established 
tube' turbulence  VFr^  *  0.0009  with  Re  >  10'  [*])'.  This, 
apparently,  is  connected,  apart  from  the  large  blocking  of  the  flow 
(pylons,  grids,  etc.),  with  the  presence  of  a  boundary  layer  on  the 
feeding  tuoe  which  intensifies  the  mixing  process  of  the  Jet. 


During  the  analysis  of  the  experiments,  the  source  o"f  the 
heated  gas  "'r.nbt  be  considered  as  a  point  source.  In  this  case, 
it  is  possil  *e  to  3how  that  with  a  one-dimensional  flow  the 


distributin'!  of  concentration  (excess  stagnation  temperature)  over 
the  cross  section  is  described  by  the  solution  of  the  diffusion 
equation  for  a  circular  source  which,  with  the  insignificant 
effect  of  the  vralls  on  the  concentration,  has  the  following  form: 


where  a(x)  =  acro(x)/rH;  a(x)  is  the  radius  of  the  Jet  in  the  current 
cross  section  of  the  nozzle  and  aQ  -  the  initial  radius  of  the  Jet. 


■U3 


7 


For  determining  the  value  of  dispersion  :5m  the  profile 
deetl'ibe'd  by  ths  P-function,  I  rom  the  equation,  hich  oil  v, 


t 


y, . if*  -i  (■’> 


o  d  ^  not  j*j3»rd  jn  tip-.. 

directly  from  (4),  the  ratio  a/a  was  found  according  to  maximum 
temperature .  The  v&ue  <tr  wan'  'determined  Pfrom  the  'width  of  profile 
b  with  AT  *  AT  /2.u  'Used  for  this  was  the  dependence  of  o/o  on 
a/o  tihlch  was  {Stained  ffo.  th«Mat»-*f  t51,«h.r.  the 

is  tabulated.  "For  the  isothermal  flowy  dispersion >can  also -be 
found  ’directly  Trom  (5)  if  we  make  use  of  the  expression  for  aix). 

For  investigat  ing  the  mixing  of  an  ihonisothermalr.iet ,  a  unit 
was  used  which  differs  from  heat  depicted^ in  Flgr.  1  in  the  fact 
that  the  precombtlsti'on  chamber  wa$n  Inst  allied  coaxially  within  the 
cylindrical  chamber  and  the  tube  with  length  =0.3  m  for  the  feeding 
of  the  jet  was  smooth  (without  heat  Insulation) .  This  led^to^  the 
fact  that  the  slope  of  the  straight  iine  2^  (x>  "lt*1  mlxing  ln  the 
cylinder  corresponded  almost  half  as  much  lo  the  VfelUB  Ol  the 
coefficient  of  turbulent  diffusion  than  in  the  preceding  experiments. 

In  our  chi,  fro®  exemptions  (29)  and  (30)  it*s  not  jJiJXJUeul—i «i 
id  temperature  of  the  Jet  was ^  about  2000° K,  an°d  ifonisethermicity 

at  the  nozzle  entry  was  controlled  by  a  chaige  in  the  distan 

between  the  beginning  of  the  Jet  and  the -nozzle  entry  (in  the 

experiments:  L  =  170  mm,  300  mm,  450  mm).  Experiments  were  carried 

out  both  in  Vltoshinskiy  nozzles  with  a  length  of  200  mm  and  400  mm, 

with  the  above  indicated  cross  sections  with  a  critical  pressure 

gradient  and  in  a  cylindrical  compartment.  For  an  example,  Fig.  5 

gives  the  results  of  experiments  in  a  nozzle  with  a  length  of  200  mm 

with  L  *  300  mm.  The  amount  of  dispersion  of  the  experimental 

profiles  of  the  excess  stagnatiorXtemperature  which  were  approximated 

by  the  P-function  was  found  from  the  width  of  the  profile  and  the 

maximum  temperature,  as  Indicated  above.  A  change  in  the  di.  .ersion 

along  the  nozzle  in  the  absence  of  mixing  was  found  from  formulas 

(1)  and  (2)-  in  this,  the  profile  at  the  nozzle  entry  was  replaced 

U1  ana  to,  xn  u  ,  r  i  presented  in  a.  ph*si*  .>iane_liph 

by  Gaussian  curve  with  some  effective  parameters  a,  and  a,  -  such 
that  the  maximum  excess  temperature  and  the  width  of  profile  would 
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coincide  respectively 


From  the  parameters  for  Gaussian  profiles 
calculated  along  the  nozzle  the  dispersion  acQ  and  2^co  was 
determined  for  the  profiles  described 'May  the  P~function  and  having 


aussian' Width  and  maximum  temperature 


flow  (y,  >  0)  niMal  l^inar 

4  *. 

>ji  t  - 

«lv  .  <  ■,  }\  i  I 


posb 


1200°  ;  AT 

600°';  A'i 

i 

l6o°  ;  AT, 


max 


zt'JLt  was  datei  aim. a  from  b 
and  AT  , 

om  stab  •  iniaA  with  reeptct 

Iona.  However,  tlv»y  all 

Experiments  in  the  cylinder; 
was  determined  from  ATmn 

even  reliably  -val--ting  the  firit  *  a pane ion  coefficient 

As  follows  from  Fig.  5,  despite  the  presence  of  mixing 
Ifo^?x)‘>‘  o^dcTlT^e  absollitea05fiie  of  dispersion  in  the  nozzle 
decreases. C°It  is  interesting  to  note  that  the  experimental  values 
PofT?U)aprl??^lnf-ili  oh  a  Straight  lint  Flgure’6  gives  tne 
dependence  of  ‘he  relation  of  the  tangents  of  the  angles  of  slope 

of  straight  lines  approximating  exper'ir.ental  value*  of*?  In  the 

with  tiw* .  This  deficiency  was  une?i»i“tlal  until  the  was 


$  -  AT 

to  infinites 


no  *ucc*«s 


nozzle  and  cylinder  on  the  relation  o f  the  maximum  and  minimum 
temperatures  at  the  entry  to  the  nozzle.  Prom  the  graph  It  follows 

that  with  an  increase  in  the  nonunlformlty  of  temperatures  the 

n-.adt?l,Sn  u£  xlutton  lor  t&e  eaas*  rycvl^r  ,  .,utl 

angle  of  slope  Increases,  which  indicates  additional  turbulence  with 

subst1**?  .  “Xareion*.  In  ttv*  expounded  of  succ**sivt. 

«ppr£l?ifetl?ok&eM2?^iiy  *th-  first  ipproxlnatl**  il  I  f»r*  fMi  llnaer 

theory.  In  the  unstable  r«lon  of  tfr»  fl**  whe  n*w .  t  Lr* i  _ 

Experiments  were  also  carried  out  in  the  study  of  the  process 

app»*oxl«» i  31®i  nor  ltw  to  tne  unll41te4  lnfndf«  of,Pf£i  rnaj- 

of  the  intensification  of  mixing  with. a  nonisothormal  Tlow  in  a 
t  ,n.u  *-■  3  ,  .  ■  V’  ,  -:ji  w 

nozzle  with  a  reduced  level  of  Initial  turbulence.  For  this  purpose, 
fir  :  oxiaitrw  no*  can  be  used  for  tn*  cqnatruaf  loft  of  the  , _ 

on  the  unit  depicted  on  Fig.  1,  the  entire  flow  before  the  entry 

tpprul  liiri'T1  c  £  n  “er  a’-ur  .  ,  ^  ..  _ .  .  „ 

nozzle  was  passed  through  a  honeycomb  having  ducts  with  a  diaemter 


possnTi  xu  impivmB  smixuiy  wny  'tncri  is  a,ivv  nan.". 

profiles  measured  by  differential  thermocouples  in  a  nozzle  With  a 

"■•'■'IV]  *  w  isn'dixte  vicinity  behind  the  point  o  r  tin  .  1<;a0 

length  of  400  mm  with  the  initial  overheating  of  the  Jet  ATq  *  loO 
6  *is  go  ho’,  increase  tc  inrlnltv.  :o  e  It., 

and  AT~  *  1200°  (on  the  nozzle  edge  M  =  0.87;  overheating  n&a 

mm  :s  occurs  and  a  n*w  laminar  i  ow 

controlled  by  changing  the  flow  rate  of  the  combustion  products 

whl'*’ru“v  *  '  “  ;ied  :>y  Landau  Is  formeo.  [A tsr  the:-’ 

resu/f0”  M *  PWOOWX-MO"  c?”!1’  •  P_r°."  it. 

drawing  one  cn  s-e  that  with  great  overheating  the  temperature 

falls  sore  Intensely.  Figur  e  8  gives  .values  or  with  mixing 
mol"  a  cylinder  and  nozzle  with  different  overheatings!  the  grea 
unst  erre<:t  »r  ff*  nonleothermleltAeofi^^rlow,1on  t_S;e fixing  is  evident. 
It  Is  Interesting  to  note,  that  even  in  the  ease  of  small  overheating 
.in  the  nozzle  the  relatively  smell  agitation  of  the  flow  takes  place 
with  damped  turbulence  which  Is  imperceptible  with  large  levels  of 
turbulence  (Fig.  2).  This.,,  apparc^lj^ls  connected  not  only  with 
.the  nonunlformlty  of  velocities  (which  can  attain  5-71)  due  to 
nonisothermi city  but  also  .with  the  longitudinal  velocity  siuft  with 
Skra  ^e  devlatlonso*£  .aetual/lor  .13 

J nserUltf  ve  to  tl»  loa- frequency  vibrations  wi  tch  wars  t*.  take  i. 1  at e 

i'i  the  forward  part  of  the  region.  In  the  *x  »ri«rnts  being  carried 

,  hyl.The  author  thanks  ,L,yD.  Kpllgoya^who  fook^large  part  In  the 

conduo4upf a^|h«0yfpf » <nctiy  recorded,  fra  recorded  new 
i  dinar  now  «wCr<*iticns. 


From  wh.t  n*s  been  pre  ented.  It  can  be  sean  that  with  a  small 

<;ree  of  turbulenca  of  the  incident  flow  the  tr«itltlonal  zone 
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DENSITY 

t'  •  u.  Filirono  ,  , 

0.  I.  Navoznov  and  A.  A.  Pavel  yev 

•  foV.cow)  . 

(Moscow) 


'•'■The  presently-existing  ae.i.mptrlc.1  theories  of  »|e  to.bu- 
lent  flows  expounded  In  U-31  art.  In  ess.nse.  differential  rnsth 
ofoi-  prbcesalnBdxperimintU  data.  fwrthermore,  meaaurements  of  t 
turbulence  structure  do  not  confix*  tb»  nodels  forming  the  a. 
iWhVse  •theories.  Therefore,  they  cannot  be  used  In  cases  no. 
first  investigated  exheflinentany .  Sos*  information  about  free 
turSmlerit  ifiotfs  'can  c'b*»  obtained  using  a  dimensional  analysis. 


Ion  ry 


lit  b 


considerations  of  symmetry.  laws  of  conservation  of  »»  and 
momentum,  end  also  the  eipsrl^at.l  data  on  the  »**•*“”$ 
turbulence?  But1 the  full  picture  of  tbe  mlslng  of  two  flows  can 
be  obtained  only  on  the  bails  of  a  correctly .posed  experlmen  . 
in  view  of  the  large  number  of  parameters  which  affect  mlxl ng  n 
a  specific  experiment  and  their  slmultaneoue  change,  the^solatl 
1 "  Of  vd;epenaence  on  a  specific  parameter,  for  example  on  ,the  rela¬ 
tionship  of  velocities/  Is  not  always  poaalble.  In  many  *.or  one 
on  t'he  let1  flews  c'hanges  in  the  Initial  conditions  are  not  con¬ 
sidered,  whlchlcleadO<to  different  forma  of  the  dependences  e.ng 

unrest r.;ct  1  flow  in  tb*  fowi 

obtained . 


.he 


(*.  *  »  „  a 

— a  -  * 
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1  gives  the  diagram  of  a  working  section.  Central 
a  diameter  of  40  mm  and  30  mm  and  thickness  of  the 
mm  were  fastened  to  two  pylons  in  tubes  with  a  diameter 
id  120  mm  respectively.  For  the  deturbulence  of  the 
>ange  in  conditions,  at  the  entrance  in  the  cocurrent 
the  central  nozzle  fine-pored  grids  with  the  dimension 
i  0.07  mm  to  0.3  ram  and  porosity  from  0.35  to  0.5^ 
r  Were  installed.  The  measurements  of  the  coefficient 
-  diffusion  D  in  the  air  flow  behind  such  grids 
3  the  measurements  of  the  expansion  of1  the  thermal 
la  heated  wire  with  a  diameter  of  0.03  mm  with  the 
f  15  m/s  and  normal  temperature  showed  that  it  is  close 


{-  I  l  - 

*  Of  Iftl*  1 


Fit.  i.  Diagram  of  the  working 
part  of  the  unit.  1  -  grid  and 
felt,  2  -  pylon,  3  -  central  nozzle, 

4  -  shadow  instrument  IAB-451,  5  - 
grid  on  the  edge,  6  -  fine-pored 
grid. 

■a  III  let  It#  ilflaii##  of  t#  pnlgi 

t  of  the  general  grid  (or  package  of  two-three 
>zzle  edge  of  the  working  section  (see  Fig.  1) 
illzed  the  velocity  profiles  in  the  boundary  layers 
stting  the  grids  at  different  distances  from  the 
sible  to  obtain  the  different  dimensions  of  the 


the  width  of  the 
were  determined 


The  geometric  characteristics  oi  the  flow 

one  of  mixing  and  the  length  of  the  "nucleus" 


from  the  measurements  of  the  temperature  profiles  and  dynamic 
pressure.  Taken  as  the  boundary  of  the  zone  of  mixing1  were 
points  of  the  profiles  in  which  the  relative  excess  of  temperature 
AT  or  dynamic  pressure  A(pu^/2),  or  velocity  Au  equal  0.97  and 
0.03.  For  the  measurement  of  the  temperature  profile  ore  of  the 
flows  was  heated.  The  temperature  drop  between  the  flows  was  not 
more  than  50°C.  The  measurements  of  the  temperature  fields  in  the 
flow  were  carried  out  with  the  use  of  chromel-copel  thermocouples 
assembled  in  a  comb  of  30  pieces  with  the  distance  between  them  of 
3  mm.  The  diameter  of  the  Joint  of  the  thermocouple  was  0.1  mm. 

The  readings  of  the  thermocouples  were  recorded  on  our  EPF-09 
recording  potentiometer.  The  time  for  reading  of  jne  profile  was 
15  s.  *  The  profiles  of  the  dynamic  pressure  were  measured  by  a 
cornb  of  25  total  pressure  tubes  whose  readings  were  taken  on  an 
inclined  multitube  pressure  gauge.  Furthermore,  on  the  nozzle 
edge  the  gas  currents  of  different  density  were  photographed  by 
the  shadow  method  or  with  the  use  of  a  Toepler  tube.  Velocities 
were  changed  in  a  range  of  10-50  m/s.  Air,  helium  and  freon-12 
were  used  a3  the  working  media. 

/i*  •  — —  fauatlOB), 

The  boundary  layer  effect  can  be  illustrated  by  Fig.  2,  where 
the  dependence  of  the  ordinate  of  the -internal  boundary  of  the 
zone  of  mixing  yA  (according  to  the  relative  -elocity  Au  «  0.03) 
on  the  relation  of  velocities  B  of  the  cocurrent  flows  of  air  at 
distances  from  the  nozzle  edge  x/d  •  7.5  it  given  (this  value  Is 
different  at  different  distances  from  the  edge  and  increases  with 
distance  from  it).  In  the  first  case  the  grid  on  the  edge  was 
absent  and,  on  the  external  wall  of  tne  central  nozzle,  the 
boundary  layer  at  a  length  of  250  mm  grew.  In  the  second  case,  on 
the  edge  a  grid  was  installed  with  the  dimensions  of  mesh  0.07  mm 
and  a  porosity  of  0.35.  As  can  be  scan  from  the  graph,  in  the 
abr-nce  of  a  grid  at  the  edge,  mixing  stops  depending  on  the 
relationship  of  velocities,  beginning  with  m  -  0.5. 


( 7 '  it  f pi 


■  —  IQI-Xi..  ,  -  .  n  p  j-lfc 

4 In  each  case,  the  value  according  to  which  the  boundary  of 
the  zone  of  mixing  Is  determined  is  specially  stipulated. 
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Pig.  2.  Dependence  of  on  the 

relation  of  the  velocities  cf 
two  jets  with  constant  velocity 
of  the  central  jet  equal  to 
15  «/aj  x/d  -  7.5.  1  -  without 

grid  at  the  edge;  2  -  with  grid. 


For  homogeneous  gases,  the  dependence  of  the  width  01  the  zone 
of  mixing  on  the  relation  of  velocities  with  a  weak  effect  of 
initial  conditions  was  investigated  with  grids  installed  on  the 
nozzle  edge.  The  boundary  layer  thickness  in  this  case  comprised 
less  than  1  mm  from  each  side  of  the  edge.  The  corresponding 
dependence  of  the  width  of  the  zone  of  mixing  determined  from  the 
relative  excess  velocity  on  the  relationship  of  the  velocities  is 
given  in  Fig.  3.  As  is  evident,  the  experimental  results  are  well 
described  by  the  linear  dependence  up  to  m  *  0.95*  Ih  obtaining 
this  dependence,  it  was  considered  that  on  a  considerable  part  of 
the  Initial  section  of  the  Jet  the  flow  bears  either  a  clearly 

[*  ^  ^  |-j|  ■  ^  f  ,  I .  j  |  ^  u^i  1  fA 1 

exuressed  periodic  character,  or  a  transitional  character  to  a 

Its 


turbulent  one  -  this  section  was  eliminated  from  examinacio! 

length  was  determined  from  the  Instantaneous  photographs  of 

ti*i  1  t  ea  :  ,rm* ifllM  walu 

flow. 


Fig.  J.  The  dependence  of  the 
relation  b/x  on  m  *  ui^a2 

n  ■  p5/Pt  *  1  [b/x  ■  ♦(n) 

•  i  • 

(1  -  m),  where  (1)  *  0.2,  and 

b  -  yx  +  yj). 
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the  two  flows  should  also  pertain)  and  absence  in  different  work  ■ 
of  the  necessary  Information  about  them,  it  is  difficult  uo 
conduct  a  comparison  of  different  experimental  data.  In  some^ 
works  a  number  of  dependences  of  the  width  of  the  zone  of  mixing 
on  relations  of  velocities  m  and  densities  n  obtained  under ^differ¬ 
ent  assumptions  relative  to  the  model  of  the  flow  in  the  layei  of 
mixing  Is  proposed.  Thus,  in  works  [1]  and  [4]  It  is  assumed  that 
the  relation  of  the  width  of  the  zone  of  mixing  to  the  distance 
from  the  edge  is  propo) tional  to  the  relation  of  the  two  velocities, 
the  transverse  displacement  is  proportional  to  the  modulus  of  the 
difference  in  the  velocities  of  the  two  flows  Au  •  |u^  -  Ug(,  and 
longitudinal  -  to  some  average  velocity  for  the  zone  of  nu.:ing 

determined  according  to  the  formula  v 

i  .  •  c,»  spp  rotl^t  im  e9"8tion ,  i  ;  which  follo-m, 

1  le  ■  i.  4 


Then  we  have:  b/x  ^  Au/u* .  With  the  mixing  of  homogeneous 
flows  this  leads  to  the  relation  b/x  'v  (1  -  m)/(l  +  m)  which  is 
not  confirmed  in  the  experiments  of  the  authors  of  this  work. 

Also  not  confirmed  is  the  dependence  of  the  width  of  the  zone  of 
mixing  on  the  density  ratio  for  the  submerged  JetB  which  follows 
from  this  relationship.  Prom  It  it  follows  that  with  the  mixing 
of  a  .let  in  the  atmosphere  of  a  lighter  gas,  the  length  of  the 
"nucleus"  cannot  increaae  as  compared  with  the  mixing  of  homo¬ 
geneous  flows  more  than  two-fold,  and  the  width  of  the  zone  of 
mixing  of  the  jet  in  an  atmosphere  of  heavier  gas  exceeds  con¬ 
siderably  that  obtained  in  the  experiments.  In  the  experiments 
'of  the  aiithors  the  length  of  the  "nucleus"  oi  the  submerged  Jet 
of  freon  in  an  atmosphere  of  air  increases  approximately  times 

From  the  above  Indicated  assumptions  it  follows  that  the 
dependence  of  mixing  on  n  is  different  Tor  different  m,  i.e.,  with 
equal  Au  but  with  different  absolute  velocities.  However,  it  is 
more  reasonable  to  assume  that  the  features  of  the  interaction  of 
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the  two  flows  will  be  determined  only  by  their  relative  motion  if, 
of  course,  mixing  is  not  influenced  by  th  initial  nonuniformities 
of  velocity  and  Initial  turbulence. 0 This  assumption,  taking  into 
account  the  experimental  results,  makes  the  foregoing  dependences 
unacceptable . 

*  — *  *  *  **  W*  V  ’  *+  K  *■  #»  ^ 


If  one  assumes  that  the  dependence  of  mixing  on  the  density 
ratio  with  an  equal  difference  In  velocities  does  not  depend  on 
the  absolute  values  of  velocity,  then  for  the  width  of  the  zone  of 
mixing  we  obtain*  [2j  ■  i;i  * 


31b  X  i 


—  *.,)(*  -  //')'!  («)• 


where  the  xQ  13  the  effective  origin  of  the  coordinates  determined 
by  the  conditions  of  transition  to  the  turbulent  flow  and  f(m)  and 

*  ■  ■  C  l  rnggmtmmfl  -  .  it  *4- 

( n )  are  some  functions  which  depend  respectively  only  on  m  and  n. 


The  linear  dependence  of  the  width  of  a  flat  cone  of  dis¬ 
placement  on  x  is  obtained  from  dimensional  analysis,  but  dimen¬ 
sional  analysis  provides  no  information  relative  to  the  type  of 
function  f(m)  and  $(n).  However,  if  one  assumed  that  the  mixing 
is  entirely  determined  by  the  difference  in  the  velocities,  and 
the  lesser  of  them  accomplishes  a  shift  of  the  picture  of  flow  in 
the  flow  direction,  then  we  obtain: 


f>  --  (x  -r.) /('»*) <t  («). 


In  the  derivation  of  this  dependence  it  was  assumed  that  with 
an  identical  difference  in  velocities  the  dimensions  of  the  zones 
of  mixing  with  flows  with  different  absolute  velocities  are  equal 
with  the  same  values  of  coordinate  x  -  xQ,  in  which  the  longi¬ 
tudinal  mixings  of  unperturbed  particles  of  one  flow  are  equal 
relative  to  the  unperturbed  particles  of  the  other.  The  linear 
dependence  of  the  width  of  the  zone  of  mixing  on  the  relation  of 
velocities  obtained  under  such  assumptions  is  confirmed  well 
experimentally  with  n  *  1  (see  Fig.  3).  From  these  assumptions 
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it  follows  that  the  dependence  of  the  width  of  the  zone  of  mixing 
on  the  density  ratio  is  Identical  with  any  relationship  of 
velocities.  Therefore,  the  experimental  determination  of  the 
function  ♦(n)  can  be  conducted  with  any  relation  of  velocities. 
Including  in  submerged  jets  (m  -  0),  which  was  also  done  by  the 
authors . 

The  study  was  carried  out  in  the  range  of  the  density  ratio 
1/n  from  1/30  (Jet  of  freon  in  an  atmosphere  of  helium)  to  30 
(Jet  of  helium  in  an  atmosphere  of  freon).  The  central  Jet  was 
0F  heated,  and  the  width  of  the  zone  of  shift  was  determined  from  the 
temperature  profile.  For  a  decrease  in  the  heat  exchange  and 
temperature  boundary  layers  cn  the  dividing  edge  the  flow?  were 
heat-insulated  with  the  aid  of  a  thermal  insulation  case  slipped 
over  tne  central  nozzle.  Measurements  in  each  cross  section  were 
carried  out  on  the  edge  of  tne  tube.  In  individual  experiments 
the 'Value  of  n  was  somewhat  more  than  zero, 3but  it^never  exceeded 

1  bouudjrv  U*m  wt#  open  in  t l*  unw  that  tta  scale  of 

turbulenc*  m*  glv*n  in  the  twa  of  m  p^iricwl  function  of 

As  can  be  seen  from  Fig.  4,  the  inteniity  of  the  fixing  of 
a  heavy  jet  in  the  atmoaphere  of  a  light  gas  decreases  sharply  in 
*e  comparison  with  the  intensity  of  the  mixing  of  homogeneous  flows 
"(n*- l)i  and  with  a  decrease  in  the  Jet  density  as  compared  with 
the  ceeurrCht  flow  the  intensity  of  mixing  Increases  very  weakly. 
This  can  be  explained  by  the  fact  that  the  intensity  of  mixing  & 
bouri  determined  by  processes  on  the  interface  between  turbulent  and 

nonturbulent  liquids,  on  which  the  density  ratio  is  changed  sharply 

with  the  blowing-in  of  a  heavy  Jet  into  the  atmosphere^ of  a  lighter 

gas  ahd  weakly  in  the  opposite  case.  ^  B'J*‘ent  In^e 

j  car.not  b#  ar"  itiery  due  t*  vUcoelty.  Th«|*fKm,  the  two-poku 

Figure  '-5  presents  the  profiles  of  the  relative  dynamic 
pressure  and  relative  temperature  for  a  Jet  of  freon  in  an  atmo¬ 
sphere  of  air i t  Clearly,  it  can  be  seen  that  the  profile  of 
dynamic  pressure  is  narrower  than  the  temperature  profile  in  the 

1  <  • w  ~m jfci  a .  i  ) 
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Pig.  4.  Dependence  of  the  width 
of  the  zone  of  mixing  on  the 
density  ratio  *  paTt/Ptet“ 
with  m  *  0. 


jk* — 1  Ti  1  JV  *  /ti  ~*  "  lit  V!  /.« 

f  1 1  tt  at 

'tr-Lh  •titih .**' ufisl 

2 .  . 

Pig.  5.  Profiles  of  relative  temperature  AT  and 

relative  dyramic  pressure  A(pu2/2)  oh  the  cross 
sect’ an  of  a  submerged  Jet  of  freon  in  the  air 

at.  different  distances  from  the  nozzle  edge  (u,c 

0  mto  «,  f«ir  „  , 

«  10.4  m/s,  T, n  *  310°K). 


exterior  portion  of  the  zone  of  mixing,  where3c  in  the  inner  pare 
of  their  boundaries  they  coincide,  i.e.,  the  velocity  profile  is 
narrower  than  the  temperature  profile  whose  boundaries  coincide 
with  the  boundaries  of  the  profile  of  concentrations.  Consequent: 
in  the  case  of  different  densities  the  velocity  profile  is 
narrower  than  the  profile  of  concentration,  too.  This  leads  to 
the  nonmonotonic  change  of  the  profile  of  dynamic  pressure  in  the 
of  the  mixing  of  two  flows  of  different  density  when  the 
difference  in  dynamic  pressures  Is  small  and  the  dynamic  pressure 
in  a  light  gat  is  greater  than  in  a  heavy  gas.  Figure  6  gives 
the  profiles  of  dynamic  pressure  and  temperature  in  the  zone  o 


zone 


ith  a  cocurrent  flow  of  air  with  equal 
e suits  confirm  the  agreement  of  the 
of  temperature  and  density. 


mixing  of  a  Jet  of  helium  ’ 
dynamic  pressures.  These  : 
boundaries  of  the  profiles 


Pig.  6.  Profiles  of  dynamic 
pressure  and  temperature  uith 
equal  dynamic  pressures  of 
the  central  Jet  of  helium  and 
cocurrent  flow  of  air  (x  m 
*  102  mm.  u  .  „  *  1^.2  m/s). 
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DIFFUSION  AND  VORTEX  MODELS  OF 
A  TURBULENT  JET 


A.  0.  Prudnikov,  V.  N.  Sagalovlchj 
and  E.  P.  Yukina 


(Moscow) 
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In  the  practice  of  engineering  calculations  we  widely  use  the 
so-called  diffusion  model  of  a  Jet  which,  in  Individual  details, 
is  close  to  the  semiempii-ioal  models  of  mixing  in  turbulent  Jets 
[1,  2],  while  In  its  mathematical  basis  it  uses  known  ideas  and 

■  £  »  •  t  .«  jj  ^  -y_j»  ^  ||  ^  |  t  i  i,  a  “  ,/  a  ■■  A*  «  il  I  *  T  ‘  ^  V  *  ^  X  ■*! 

representations  of  contemporary  statistical  theory  of  turbulent 
diffusion  [3-5].  The  following  parameters  are  introduced  in  the 

y  *  r*  „  p 

diffusion  model  of  a  Jet  [6,  73:  the  dispersion  0  (x)  of  the 
liquid  particle  of  the  jet  which  consists  of  the  dispersion  of 
purely  convective  transfer  o  (x),  and  dispersion  of  gradient 
(molecular)  diffusion  o  (x),  and  the  mean  trajectory  of  the 

'  -  l  j  ;  p 

boundary  stream  aT.  Introduced  further  is  the  concept  of  the 
probability  of  appearance  P_  of  the  substance  of  the  Jet  (cocurrent 
flow)  which  satisfies  the  equation  of  diffusion  with  the  corre¬ 
sponding  boundary  and  Initial  conditions.  Similar  parameters 
o^(x)  and  a  are  also  introduced  for  the  velocity  field.  The 

'i  A8l  .  a  v  j  \  ?? 

giver  are  assumed  to  be  dispersion  0  (x),  Pr  number  (Pr  «  af/o  ) 

r  t  (j  rj  T 

and  the  degree  of  homogeneity  of  mixing  N  -  0/0.  Parameters 


a  and  a 


a  are  determined  from  the  integral  laws  of  conservation 

1  ”  •  j  m  1  *  m.  n  #  ,  *  /* 

and  ■nmanfcnm  ffil. 


of  mass  and  momentum  1 63  - 
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Let  us  present  for  an  example  the  formulas  for  the  calculation 
of  the  layer  of  mixing  between  two  plane-parallel  nonisothermal 

fiOws.  Let  the  density,  velocity  and  tempo ratrj-e  of  the  first 
and  3econd  flows  equal  respectively  >  T,  and  v  ,  T,. 

(2,5) :  ^ IHH  wllx  b*  no'lfit-ir.erm  .w  — 

The  average  partial  densities  are  equal  no  p,  and 

4 on  of  th#  liquid  ¥o  th#  .fairing. 


With  the  usual  assumptions,  the  mixing  is  described  by  the 

During  the  time  At  th#  tiuOuljnt  poI*  from  point  x  will  move 
equation  of  turbulent  diffusion  of  the  form 

«!*.a  th*  mlditr  Ho-  to  pol  t  x  +  UAt  where  it  will  hive  a  cross- 

1  f,  *'•  ...  if  *12  * .  ret e  ( i ) 

"  di  Oy  idt  dy-  **•  '  ' 

to*  r#cl£ti  a  arrl* 


(where  u  -  the  average  longitudinal  velocity  in  the  layer  of 

Cp  x:  •* 

mixing),  whose  solution  with  initial  conditions; 

>,<  wl .  i  - .  a^n  ta*  1*  ft  part  of  equation  (2.3) •  Thus.  the  left 

>»s  the  r«»*  =  Of  J£p#Mfc>*icjif  yfc£Mf  average  region  of 
t*  ?  pole  .  /'*r'-0  wlth  H>° 


and  boundary  conditions: 

Wl  tn  tie  chvo  lc  ■?  yie-.ts  th-  mol<;  s  capture  the  adjacent 
partlci-ws  of  ll^*ld  by  the  >  yrf  'OHf— presses  and  lncrean0 

in  dimension*.  This  erf  t  is  vxjflHtaalNl  b&  penultimat* 
equatlcfcasStie. folfP^v ?r,  cio«e  tc  the  fairing  L  • 
the  variable  C  1>  which  Q(x,  Cl  la^deifimlnM  la  limited  by  planes 

•ji  . .. . ... .  * 


which  Q(x,  Cl  ia.;dai#ta 
.  The  before,  the  dimensions  *Jf 


the  itilJ^ss  clove  to  the 


C2  "  t2dt 

fairtn*  cannot  lncimi**  boundlijfly  and  they  thould  be  limited  by 
By  analogy,  the  'relocity  nro^ile  Is  written  in  the  form 

a  v*lu~  i  rojiortionei  to  x- .  Tm#  fearing  reducvs  the  rate  of 


(2) 


lncr*..?  of  t  e  dl»*n 
by  t  ii  la*t  t-r#  of  equ 


li*n*..of,  fhe  effect- I's  expressed 

-•  Vn-ll-ll'  |  ,  •'  <l)  — ■  ill  (3) 


The  integral  laws  of  conservation  of  the  Dows  of  substance  and 

B*  cause  of  tl:e  worl*  of  the  Reynolds  stresses  a  part  of  the 

momentum  written  on  the  assumption  that  ine  transverse  velocity 

r  .  r^y  of  the  a vei  ea.vd  flow  is  eoratin  ously  fed  to  the  r.oles.  Thi". 
when  y  *  -<*>  Is  ^qual  to  zero  are  the  following: 

process  also  affect#  th*  rate  of  growth  of  the  dimension.*  if  t lie 


mo 


les  and  Is  expressed,/b  /  the  'ixth1  term  ot  eouatior  (2.5). 

V  u u 


(4) 


\  .  •*»  -i*.  u 


f; 


;  i\, /’'.)■ 


(5) 


1  ,er*-  sr  nuiv  re  1  t^kin*  into  recount  the  left  part  of  the 
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They  make  it  possible  to  establish  the  following  connections 

between  the  diffusion  parameters: 

*o  p*Ut  cf  the  '  teld  of  ft^*  fs41  i*vi 

— (t  ~«)T(*)  =  0,  (6) 

o!  4  I  Mt  diff  ?  *' 6'  ti  .  *  *  if  m  f _ 

/  Pr 

^uatioft  (2.5).  */  /  . 

—  «)(t -- >*)  1'<y)  “ m«  TJ  •"*  +  r?)  .  . 

T(J)= - - i - f -  .  U) 

>  o  v:  c  sity  y  UJIh-t-’* +«"» 

*•  f  pmri.  of  thi  Y  4  P-jr 

tran*ferri*  i  it  to  t*m  «ln  located  in  the  -  lilt*  of  ths 

where  m  «,  v7/v2,  n  P01/#0?*  Furthermore,  the  designations  are 

the  -'^^^•^©•^ilenee"  arises  which  is. expressed  *y  tie  thiro  and 
fourth  terw  of  equation  (2.5).  ».  , 

3^rr5fc* 

In  the  case  of  lsotciplo  turbulence  with  samlr  r 

-/"It*  i«/~~~  * 

V  X|f  1M-  i/3«  '  *  !$/«*» 

If  we  sub«titute  this  formula  into  the  e^reeaiee  fee  «i#  thee  it 

urna  ,,t  tp  Formulas  C€;  ar.a  ('7.)  in  the  particular  case  n  -  1  give  the 

accordingly WlOlfW? ;of  llotta  [2].  For  »u  KoSta  £2)  fives 

the  following  estimate  0j2  •  0.12.  We^qite  um»  tied  d^  aed  fj2  ^  ^ 

are  absolute  const  irts.  *  V* 


For  the  determination  of  the  temperature  profile  the  following 
In  .order  to  estiHto  B»  let  is*  tsaiine  ipwl  m  At  *Sj  e*th 

"two-stage"  model  is  used.  First  the  quasi -laminar  temperatui 
small  x  •  lirce  close  to  ?3  »  tj  acdording  te  ewdtPp^* 

profile  with  uni  orra? mixing  with  dispersion  o^  is  found: 
c/e  ■*  0,  if  we  reject  the  small  tarns  equation  U.5)cls  awpilfied: 


Tt—fi  p,c  +  pm  “  "^,c  +  r*  ■ 


its*  41 at site* is*  of 
also  iv.»  r*2^-,ia 


p.  c.  this  expression  and  fro*  the  e&#*rl< 
the  scale  close  to  *2  •  0  (L  ■  Xj  ewe  [1]),  p 
(2.  «a)  it  la  feasible  te  UtM*  Mm  /oil.*  in* 


‘its  introduction  la  necessary  during  the  study  of  the  mixing 
of  Jets  of  substantially  diffe-ent  densities  and  temperatures, 
and  also  to  account  for  the  nonuniformity  of  mixing  during  the 

calculations  of  combustion  and  radiation  in  Jet3. 

nd  «  it  •  1,  specific  risr*  er  'mils  rametlsm  <«■ 

in  semk:  a  mi  that  the  detained  ealsulmted  itauledtp  *t  the  *ael^ 
oioes  ts  -|  •  n  with  the  eupe*u muml. 
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.i  Wp  rfpilni  t  b*  tysttm  of  soufet leas  it  laItu  a  in  Fit.  vrlt^ 

Then  the  true  average  profile  is  found  on  the  assumption  that  the 

quasi -laMnar  profile  is  transferred  randomly  according  to  the 
nonoil  law  «itb‘  Mtfrfion  V1**  Wi"  “IU  obtaln; 


where 


#,-  •  r  *j. . 

'  W  •  Ml 

*•  »'•  /,  /i 

r,  ^  r  , 

*  »*<i  •  i1/ 1 


/* 


7i 


«i  "  j  * 

P  1‘  • 

\  ''to.  >J>, )•!?.  . 

v/  -^. 


(8) 


3.] 


where 


.*>  , .  i' 

»'  2-«  1, 


Analogously  it  is  possible  to  obtair/' the' expression  for  the 

|*  I  f!**  r  {)  ■  II  TJ ta'. //  I  !  r\ 

mean-square  fluctuation  'of  temperature: 

**  't  i  (">,'&.)  >.  -(i  '  )l'>, 

'/*'»%»  fr  'V  7  •  ri  V ...  , , 

lii  '•  <  il  I/:  -  /„  *"  \  [f7/>|e  -  r:  !.'  ■  I  ij  1  f,/> 

•  •  « 

In  general,  the  boundary  conditions  for  system  (3.1)  will  tn 

the  foll:^he  comparison  of  the  results  of  the  calculation  with  the 

experimental  data  for  a  series  of  problems  (circular  Jet,  plane 

o.  <  ..  -  r.  ti-,). 


Jet  at  the  wall  ^  distributed  biow^g-in  ;from  the  walls,  pr^esiire 

et  with  the  turning  of  a  supersonic  flow)  is  pre- 

•  ?rf  Uctsnnined  iToni  the  solution  of  the  foHowlrg 

.  1-5.  A  diffusion  model  was  used  also  for  the 


behind „an  offset  with 


►•/here  U  ,  E„  and  A 

sented  on  Pigs.  ] 

J st-mj  of  equations: 

calculation  of  diffusion  with  the  flow  of  a  Jet  In  a  nozzle,  the 

Coanda  effect,  diffusion  flames  and  other  technical  problems  with 

’  •*,,*  —  7  . 

the  same  satisfactory  agreement  with  the  experiment. 

<’•  ",  f  ,!M  >4'  (r.  j/a„  (3.3) 


vtb. 


'  *=  TGjjf  0,7854>*), 

•  r  ••  Vv-M/fc.  •  •  pi£5*  1  •  Change  of  temperature 

in  a  cocurrent  circular  Jet; 

I.  B.  Palatnik's  experiments 
(continuous  lines  -  calcula- 


■s  buT'V  fj  I  \  .  {continuous  lines  -  calc 

*1  o..e  '-ion;  ATq  ,“'125aK)? 

dp*'  ? hfc ■*;eh*|J  :!-j..j|or  the  cs 

I  V_i  fcrjML,  iTTeaftl4ion  t^can  it  the  lantlne*  n.1 


WcU 


gan  it  i he  laminar  part  of 
The  initial  distributions 


n*  ,  \\vPiv  'T  on  ..^g 

low  l  -os  r  S’  1  !  10  . 

avrrag#- veloc#t^,7  !srtd'.3'j,-ile  of  turbulence  wers 

t'*e  following  Mtfier: 
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■  u.i  "r~  i  f  i  t  rr 

K  \ — i ^  — ■ - 3 — i- — L  . 

*  '  »  .,  f  f/*n  t  rt  if  if  f 

3how  1  t^dlstrtbution  of  a\rers*»  v*lo|4^  cvier  tort Urn  of 

the  lajo»*  Points  r*lot  the  experimental  lifia  C3J.  rn  it* 

Fig.  2 i  Change  of  temperature, in  a  cocurpent  jet  at  a  wall 
ii--3f.aVB?ro?**c"ev,>  experiments  (continuous  lines  -  calcu- 
lft t ion'}  *  5  nwi,  A*  -  6*>*!t).  “fti.  tto*  •<  iWntal 

than  close  to  the  fairing. 

frig*  3.  Axial  velocity  in  a  circular  submerged  jet.  The 
dotted  line  -  experimental  data  of  Korsin  for  an  air  Jet; 
the  small  circles  are  Foraioll’i  experimental  fats  for  a 
water  Jot;  the  continuous  line  *  calculation  with  a/ a  - 

!■  0.095(x/d  -  2),  Pr  d  o.5). 


i  /fj  t  experiments  of  I.  V.  Bespalov 

y  f  ,  and  A.  M.  Gubertov  (contln- 

T  uouft  lines  -calculation). 

’  *  U  KEY;  (1)  Axis  of  tube. 

v»lu*  *2^  *  O'f  »/r  •  t.2  Is 
S  r-«rea** a ,  amartlmg  with  »  t  values 
were  obtained  ig  fnmraeetng 


K  »t  io v  c 


Everywhere  the  jturbulont  number  Pr  was  taken  as  Pr 
The  degree  of  uniformity  of  mixing  N;  determined  for  th 
time  for  gases  by  N.  A.  Zamyatina  fc8#  9]  with  the  aid  o 


optical-diffusion  method,  was  taken  as  equal  to  N  *  0  !|  (gas  —  gas) 

and  N  -  0  (gas  -  liquid).  The  only  determining  parameter  Was  the 
r  dispersion  of  the  Jet.  ■  fol  m  f 


(3-*0 


_  er  ''  , ->w._ v„  Fig.  5.  Base  pressure  behind 

6  •  l  v.  •  **HKr  e  a  flat  Ci  fset  (dotted  line  — 

i  "  '  ' -  Korst's  calculation:  o*/h  * 

•  ■  I  •  V"'  *  i*  a  0}  continuous  -  S.  Khi  * 

-  conet.  ‘  If  we  Ur**«r*te  uW'|eo  oOganesy^n •  s  calculation 

a  v.-..v/i3)  according  to  the  diffusion 
indary  pr.’tdp  ’MPpr,  then  it  is  clea'mddol  of  mixing:  6*»/h  *  0). 

is  1  de  rl  b  1 1  V  I  th  I  '  l  (1)  Tlmothin;  (2).e 

V  ■  -.-.v  I  Kuptsov;  (3)  Tagirov. 

fx-om  exp«rla^ta  Jto  1  will 

will  obtK iir  ,j  I  ( -  U^J/u.  |t 

•  Y"  -  ’  we 


ti?"e  it  i* 


cons id* rat le 


devotions  in  the  velocity  distribution  near  the  fairing. 

The  dispersion  of  a  Jet  on  the  basic  section  depends  only  on 
relationship  of_velocitJ.es  (the  parameter  of  cocurrence  m)  and  for 
all  tha  above-enumerated  problems  proves  to  be  identical  with  the 
Identical  value  of  parameter  m  with  an  accuracy  up  to  the  length 
of  the  initial  section.  All  other  factors  —  difference  in  densities, 
lnltial..turbuleace#.  twlatihg  of  the  Jet*  boundary  .layer  thickness, 
acoustic  effects,  etc.,  *-  affect  basically  only  the  length  of  the 
Initial  section  of  the  Jet.  #or  example,  for  the  subsonic  vel¬ 
ocities  dispersion  on  the  basic  section  satisfies  the  following 
gaffraMfrated  relat*or«Ml.iflM  trlbut  Ion  /H/Mm  obtained  under  th* 

-  cvnditlo&i  (points  ar*  Klebanov  data  frs-a  [4]).  The  deviation.- 
>*f  '  he  calculated  distribution0/?/^  ’iriSm  o^^ri mental  can  be 

<-  xr.iained  by  two  reason*:  first,  the  greater?*  lues  of  3U./3x. 

.  Here  oQ  is  dispersion  with  m  ■  1;  an  ■  t,x£  with  x<  2x';  *= 

a. id  therefore  by  t®  greater  vane  ration  vf  tR#  energy  of  tui  bjledce 


<-  xr.iained  by  two  reason*:  first,  thar  greater?* lues  of  3U./3x~ 

.  “ere  oQ  is  dispersion  with  m  ■  1;  an  ■  c,x£  with  x  <  2x';  *= 

.here  foie  by  Ip  greater  pmoration  vf  tR#  energy  of  tui  tilwce 

*  SDj/Vj  *  (x  -  xl )  -with  a  >  2x/ j  where  x'  »  Bj/.avjtj  j  Dj/v^  * 
0^0009*  and  e1(  Dy,  -  the  level  of  turbulence,  the  diffusion 
^coefficient  and  velocity  of  the  external  ‘flow  respectively;  xQ  « 
t  =  rd0  for  n  *  1  and  the  initial  tube  profile  of  vaioeity*  d]  -  the 
t  diameter  of  the  tube, ; d^  -  the  diameter  of  the  jot*  and  the  values 
.x^er.  The  most  reliable  data  on  the  value  of  the  df ■  1  lpat J on  of 
tf  -•  energy  of  turbjl*  ce  ir.  the  boundary  lay»»r  were  obtained  by 


T 


oi'  k  can  be  approximated  by  the  dependences:  k  *  i<T(l  -  m),  kT  ■ 

*  0.09  for  m  <  1  and  k  *  k  (1  -  m),  k  *0.06  for  1  <  m  <  2. 

T  *•  T 

!t  *  i  VI  1'  M*  «tmr  IVt  t 

However,  In  the  diffusion  model,  as  in  all  semiempirical 

models,  the  characteristics  of  mixing  are  used  which  are  borrowed 

inBpPV  t  it  4 

from  the  experiment:  this  model  does  not  make  it  possible  to 
disclose  the  physical  nature  of  the  diffusion  of  a  Jet  and,  conse- 

b  *  i  *  t  w  •  y .  4#  1 1  ,  I  1  1  *  MBr;  ® r  X 11  Fir  *  I j  * #  1 1>  Inf  fj  1  •*  t  • 

quently,  in  principle  it  does  not  make  it  possible  to  theoretically 
determine  the  dispersion  of  a  Jet.  Furthermore,  this  model  does 
not  provide  a  satisfactory  description  "of  the  velocity  field  in 
the  examination  of  semibounded  Jets  and  the  boundary  layer  and  is 
completely  unsuitable.  Just  as  any  other  semiempirical  models,  for 
the  "closing”  of  the  equation  of  the  conservation  of  energy  (with 
the  calculation  of  losses  of  total  pressure); 


Therefore,  more  promising  (for  the  development  of  semiempirical 
theories  of  the  "old  type")  it  seems  to  us,  is  another,  so-called 
vortex  model.  We  note  that  recently  a  deeper  penetration  into  the 
vortex  nature  of  turbulent  flows  with  a  transverse  shift  is 
characteristic  of  many  investigators  [10,  11].  .  r,  . 

-i  /  • 

Figure  6a  presents  a  diagram  of  a  proposed  vortex  model  for 
a  free  turbulent  layer.  The  wave  amplitude  of  the  perturlatioji 
of  a  tangential  velocity  discontinuity  increases  up  to  the  value 
of  the  order  of  the  radius  of  the  vortex  £t(t)  *  Z  ],  whereupon 

.  »  i  X  •  -  r  1  » ifir; l9l^CilT»  o 

the  wave  is  rolled  up  into  the  vortex.  The  nature  of  the  change 
in  t  in  th<-  course  of  time  is  presented  in  Fig.  6b;  the  .simplest 
approximation  of  the  dependence  t(t)  is  given.  A  more  precise 
approximation,  taking  into  account  nonlinearity  according  to 

landau.  [12],  will  not  change  the  essence  of  subsequent  reasonings. 

v  |R  m/f  ■wnrE  t|g  w  t  m  &ITI4V  i-  ni.  ;  £  *  i  _  rl iptfiiif* 

On  curve  c  *  c(t)  (Fig,  6b)  it  is  possible  to  note  two  charac- 

■  «■  -  1  -  *  1  M  -*  ^  ‘  1  "  l1  ^  I  !V  «<  »•  >  A  V  9 

teristic  scales:  the  lifetime  of  the  discontinuity  1  and  the  time 

P  y )  • 

of  the  vortex  formation  r  _  ,  which  satisfy  the  following 

w  •  B  •  r  ►  ^  \  ii 

th.  relationships:  ftlpUflrwlli  rnm.  ttw  •Xf«ri»«tal . 
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where  A  is  the  increment  of  an  increase  in  the  disturbance  wave 
in  the  course  of  time  in  the  coordinate  system  connected  with  the 

•  •  '  -  v  r* 

wave.  The  transition  to  the  corresponding  scales  of  length  in  a 

motionless  coordinate  system  is  evident:  x  *  v^t  and  x  * 

,  *  -  ]  tV  vF  <P  P 

*  V(jiTo  d  “  the  P^ase  velocity  of  a  wave  of  a  "driftM-typo 

disturbance,  -  the  amplitude  of  the  initial  disturbance  of  the 
discontinuity  surface).  The  value  of  Just  as  the  scale  l  , 
is  a  random  function  on  the  strength  of  which  the  scale  is  also 
a  random  function.  We  will  obtain  its  average  value,  substituting 
the  expression  Qf.  given  in  [12]  through  the  fluctuations  of 
velocity  on  the  initial  section  and  averaging: 

Pf»  P*1  ~  fl-ctu-tion  of  pr«5  ur*  <t  l  -Tiati  x*. 


P  -  ***>.  p'fiuN  *t  p  l»t  x; 

where  A  Is  the  Increment  of  an  increase  in  the  disturbance  wave 
of  the  "dr I  ft"  type.  Experiments  [16]  show  that  the  maximum  level 
of  "noises"  under  normal  conditions  does  not  exceed  e,  •  e~  «• 

X  c 

*  emav  *  0*25,  so  that  X  /x  3  3. 

max  t  i  <•-  >  -  P  °-8  of  .urbulrnc  ; 


1  r,  thljfej 


lrln 


Pig.  6.  Vortex  model  (free'  layer  .of  nixing) 
1  -  velocity  profile  in  a  large  vqrtex;  2 
velocity  profile  in  a  trace  of  breakdown;  3 
increase  in  amplitude  of  perturbation  of  the 
discontinuity  surface;  M  —  model  approxi¬ 
mation. 


he  vortex  as  a  single  liquid  volume  (mole)  Is  separated  from 
the  remaining  flow  by  an  unstable  discontinuity  surface;  for  a 
vortex  there  are  two  characteristic  scales:  the  lifetime  of  the 
vortex  Tg  and  the  time  of  its  breakdown  #  and,  correspondingly, 
scales  xB  **  and  =»  vgTp;B  (vB  -  the  speed  of  movement  of 

rth“  center  of  mass  of  the  vortex).  By  virtue  of  conditions  (10) 
the  vortex  formation  occurs  almost  instantly,  which  is  equivalent 
to  the  inelastic  collision  of  two  liquid  volumes.  The  laws  of 
conservation  of  moment,  momentum  and  the  position  of  the  center 
of  mass  for  a  vortex  up  to  and  after  "collision"  provide  for  a 


free  boundary  layer  (center  of  the  disturbance  wave  lies  on  the 
x-axie,  see  Pig.  6a): 


I  /*  i  .  Jf.  # 


5* 


(b). 


02) 


where  pcp  P]^  +  P2/2*  ^  is  the  radius  of  inertia  of  the  vortex 
and  a)  is  the  angular  velocity  of  the  vortex. 


For  the  near-wall  layer  (center  of  vortex  lies  at  distance 
l  from  wall): 

o 


(a).  v. » ■— --  <b).  y.  -/,  ( c),  (13) 

where  and  v1  are  respectively  the  density  and  the  flow  rate  far 
from  the  wall,  p2  -  density  near  the  wall,  l2  -  the  momentum 
thickness  in  the  boundary  layer  up  to  the  formation  of  a  large 
vortex,  and  u  -  the  angular  velocity  of  the  vortex. 


From  the  law  of  conservation  of  energy  it  is  also  possible  to 

determine  total  pressure  losses  in  a  large  vortex  and  trace  of 

breakdown.  From  relationships  (12)  and  (13)  it  can  be  seen  that 

in  a  free  layer  a  large  vortex  moves  practically  without  slipping 

(the  profile  of  longitudinal  velocity  takes  the  form  shown  on 

Fig.  6a),  and  in  the  boundary  layer  (since  l,  l  »  r  )  the 

1  8  2 


39 


vortex  moves  with  slippage,  forming  a  laminar  sublayer  from  below 
and  from  above.  The  profile  of  the  volumetric  concentration  in 
this  case  coincides  with  the  profile  of  longitudinal  velocity 
(Prandtl  turbulence  number  in  the  vortex  equals  unit:  PrQ  «  1; 
Fig.  7a). 


Pig.  7.  Diagram  of  mixing  in  a 
large  vortex  and  trace  of  break¬ 
down.  la  -  the  distribution  of 
volumetric  concentrations;  lb  - 
the  distribution  of  longitudinal 
velocities;  2  -  mathematical 
expectation  of  intermediate  com¬ 
positions;  3  -  field  of  instan¬ 
taneous  concentrations. 

KEY:  (1)  Large  vortex;  (2) 

Trace  of  breakdown. 


L —  —  — >a  ^  on  i«*#xr  ir  r.  atlst  lc«: 

1 1 )  I2li'.v/  ;.wA 

cf  jracti1!  raises  of  *  rii*ctu*t|*§  pr*?sure  on  I  he  surface  «n  the 
t  rtulent  boundary  *r  of  a  now o*pr* juit It  liquid  ware  baled 

The  cascade  breakdown  of  a  large  vortex  Into  a  series  of  fine 
vortices  with  uniform  and  isotropic  distribution  (zero  moment 

relative  to  the  center  of  mass)  provides  the  so-called  trace  of 

TV  *'  (P  r~i-  t 

breakdown  (turbulent  spot)  of  the  same  scale  l g.  The  problem  of 
the  determination  of  the  properties  of  the  turbulent  spot  in  many 
Ways  is  identical  to  the  problem  of  the  breakdown  of  turbulence 
behind  a  grid.  Therefore,  the  mean-square  x-ate  of  fluctuations 
ih1  the  turbulent  spot  Vey*  in  time  t  after  the  breakdown  .of  a  large 
vortex  and  the  coefficient  of  microturbulerit  visuosiry  (diffusion) 
In  the  turbulent  spot  v  i  DT  can  be  taken  i’rom  the  experiments 
(11,  13]: 

Howwvar  it  proves  to  be  t  i*p.\$  cor|ty;ction  is  ertablithcu 

iluctuatio,  .  «j|  ■ue.fac**'and  velocity  (l2,) 

t uet  1  ons  in  tn*  bxssAin  iltfir.  In  orri^r  to  bo  eoatfriorru  - 

(v  —  the  average  velocity  of  the  motion  of  the  trace  of  breakdown) 

,  ..ip  u*  vWMfii**  tartulent  touniary  Ja^er  of  the 

c.k ,  rt  ■-  .-I*  liquid  on  tr.  infinite  plan*  x^  •  0  ^coorfinatre 
\  4iiJ  x j  iie  lr  t  a  pxarw  of  th*  surface).  Flow  in  this  layer 


is  II 


Of  t|l 


Thu  profile  of  the  average  concentration  (temperature)  in  the 
trace  of  breakdown  is  not  reconstructed  but  continues  to  expand 
with  time  under  the  action  of  microturbulent  gradient  diffusion 
with  coefficient  DMT»  The  profile  of  longitudinal  velocity  can  be 
reconstructed  so  that  according  to  the  laws  of  conservation  of  the 
quantity  and  moment  of  momentum  the  upper  part  of  the  volume  of  a 
large  vortex  which  has  broken  down  will  move  at  the  velocity  of 
the  upper  flow  (vpl  *  Vp),ana  the  lower  -  with  the  velocity  of 
lower  flow  (vp2  s  V^),  i»e»»  the  field  of  longitudinal  velocities 
after  breakdown  in  principle  can  return  to  the  initial  state 


The  average  profiles  of  concentration 


f  (curve  ib  on  Pig.  7b). 

(temperature)  and  velocity  at  an  arbitrary  point  of  a  turbulent 
layer  are  determined  by  the  type  of  the  function  p(l)  -  the  density 
of  distribution  of  the  probability  of  scales  l,  and  also  by  the 
probability  of  the  appearance  of  a  largo  vortex  In  ah  arbitrary 
cross  section  x  of  layer  P  ,  or  by  the  probability  of  the  fippear- 
ance  of  a  trace  of  breakdown  Pp.  Function  P0(x,  Re^)  [or  P  (x, 
ReA)]  with  small  x  is  sufficiently  complex.  However  with  an 
Increase  in  x,  where  the  number  Re.  «  AuZ/v  will  become  suffl- 

• t  *-  ■ '  i 

ciently  large,  and  the  probability  of  the  appearance  of  laminar 

pots  is  sufficiently 

thimri  it  la  p.).  > 

•  »rr»re  velt-Jliy  a 


In  0. 
it  la 


spots  is  sufficiently  small,  these  functions  take  the  form 

ana,  ruiih»n»n  it  la  tan  with  a  cafflilMili  auzth 


a  M:t  rtl,«to  th  . 
puitiiM*  tl«*  a^ntinuoA*  ;«rl«tU*?e  «■'  t>a  f.nt  r  *  ri^,t 

Estimates  according  to  a  number  of  indirect  experimental 
observations  and  also  according  to  some  considerations  which  follow 

from  iinear  theory*  permit  assuming  that  P  and  P  are  values  of 

pH 


In 

P 


(15) 


^  an%r(e  order,  i.e.j  *•  itaelf 
(2)  we  obtain  three  r •  lktlcr^lja  - 

*  il* nta  with  tb  »>«**  si  e  tint  P 


V-eatloM 


mils  I.  ♦  *o  1  nai 
le*  tiAmm, t 


(15a) 


The  function  pU)  in  type  ia  close* to  a  Maxwellian  distribution; 
it  is  either  proportional  to  the  function  of  the  increment  of  an 
increase  in  the  perturbations  of  the  "drift''  type  of  wavelength  L 


(6) 
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*1 


(i.e.,  p(£B)  *  Ax(a*L)  -  a  coefficient  of  the  order  of  unity; 
preliminary  estimates  according  to  [16]  give  a  *  0.3-0. 5).  or  it 
is  a  function  of  this  increment  (depending  on  the  type  of  spectrum 
of  initial  perturbations).  The  features  of  curve  p(i)  are  such 

i  >  . 

that  the  greatest  probability  will  be  with  scale  l  with  the 

El 

increment  close  to  A  which  decreases  with  an  increase  in  the 

fllilA  4H  p  /  x  ■  j*  "  ^  ^ 

rotur^ulent  viscosity  for  the  envelope  A,  =  i \<»  .•/*;. a, •  I)  pi  f„)  - 
the  curve  of  the  increment  for  an  infinitely  fine  surface  of  a 
tangential  discontinuity  (see  Pig.  6c).  By  virtue  of  this  the 

* J  L-  _  ri  tqc  ; ,  . 

mean  value  of  the  scale  1*1  for  a  free  layer  satisfies  the 
following  relationship: 


Ax(a*L) 


K  tp  ‘.  , 


The  *ln>ari»f  th*  rlffet  p#uri  of  r*l%tlonjHi;  (7)  it 

whereupon  AvIn(x)/vT  t»  250-290  -  according  to  the  data  of  [13); 

R8X  *  Auin+1/>',T  n  *  380  -  according  to  data  for  processing  solutions 
[It]  for  the  case  n  »  1;  m  *  0  and  the  laminar  thickness  of  the 
discontinuity  surface;  Pp  -  0.5  acoording  to  condition  (15a);  x0  -v 
v  1/Amax  acaordln«  to  condition  (11).  In  this  relationship,  the 
the  dependence  on  n  is  considerable  only  for  the  firat  large 
vortices  (x  <:  xpl);  during  subsequent  formations  of  large  vortices 
from  the  traces  of  breakdown  the  value  of  n  is  oiosa  to  unity  by 
virtue  of  sufficient  uniformity  of  the  composition  in  the  trace 

<P1  *  °2  *  %>•* 

n-i>  *  i. 1, rv  <8) 

<*-,  Jf,  - 

We  will  dwell  now  on  the  physical  interpretation  of  the 
parameters  of  a  diffusion  model  from  the  viewpoint  of  tne  vortex  ' 
model/  The  locale  of  tha  width  of  the  profilo  of  concentration  is 
not  changed  from  the  breakdown  of  a  large  vortex  and  is  equal  to 
the  seals  of  large  vortices,  so  that  always  c  *  I,  The. scale  of 
the  field  of  longitudinal  velocities  changes  with  the  breakdown 
of  the  vortex  from  scale  I  to  scale  l ^  «  T  (tp  -  the  scale  of 
vortices  in  the  trace  of  breakdown,  ]:it  is  the  scale  of  the  thick- 
Keaa  cf  the  new  "discontinuity  surface"),  so  that 


CP 

'  j-.r  (ri* 


.Translator's  note: 


average] . 
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^  ip ,  /„P;.  ^  I,p, 


with  /.  l 


and  ?,  ^  fj\  .  2PJ\  £  0,5  with  ./  .  -r  /, 

*» 


The  degree  of  uniformity  of  mixing  N  is  not  the  same,  either: 

within  the  limit  (t  /\  <<  1  and  l  «  T)  it  is  close  to  zero 

o .  p  b  p 

and  unity  respectively  in  a  large  vortex  and  trace  of  breakdown 
(see  Pig  7b),  so  that 


W  l*  VM 


4  tin  ;|ii* 


X  Xj.Pf.  .  V  /*_  i  s  ".5  with  A'p  ^  I. 


The  average  shift  of  the  field  of  concent rat ions  along  the 
y-axla  (parameter  aT)  Is  explained  by  the  average  stagnation  of 
the  volumes  of  a  more  rapid  flow;  the  shift  of  the  field  of  longi- 
fu  tudinal  velocities  (parameter  ay)  is  caused  by  the  fact  that  the 
centers  of  vortices  y  and  the  sections  of  discontinuity  dc  not 
lie  on  the  x-axis;  their  mean  position  is  determined  by  the 
integral  law  of  conservation  of  the  impulse  flow. 
ft'iM  via)  ft  bfct  inul  — 1  lhM  ws  dpMd^Jse  tag  mmiiiitf 

In  conclusion,  let  us  illustrate  the  analytical  possibilities 
of  tne  Model  with  its  agreement  with  the  experiment.  The  field 
of  average  velocities  is  determined  by  the  relationship 

f  -  f  ...  .....  f  ..... 


^  E— (*v»  ^3» 


•  •  i* 


where  Iir_  t  ■  n  .  r<i  *■  mgar 


l>  (/)  ill  ■  liM 


I'M  .  -  -  a-  • 

n.  •  t.  J  i  h-*  > 

H"*" 


n 

A.  la  the  overall  number  of  vortices  which  pass  through 

cross  section  x  during  infinitely  large  time  tj  i  -■  W(0,w.-^  “  - 

pM-it.1T*  a  r  s  tM  u  *(.  ,  k‘,  2'"’ 

the  time  (relative)  of  the  passage  of  a  vortex  with  dimension  21 

through  the  cross  section  x;  u.(y  -  y.)  -  the  profile  of  the 

B  v 


*3 


longitudinal  average  velocity  in  a  large  vortex 
of  breakdown . 


in  the  trace 


I  ••  I  |  .  ij(2>  M  ;( 

i.  .  i  .  .*  .  .L  ;  yi_.  :  •/>/. 

"v  v  "l’  :  4 j  i  «  t  d-  »  o'  t* 

Fig#  8.  i  Layer  of  nixing:  experi*»  1  • 

ments  of  Zheatkov  and  Albertson 
(2a0  *  25.4  iwn;  •  44  m/s;  o  «» 

*  0«?5  [Yi^Tajit  in  order  1  construct  i 

corruption  fW«l.n  ln  “» 

Figure  8  preaer.ta  the  results  of  the  calculation  of  the  j 


'*•••"  u>  Fig.  9.  Turbulent  boundary 

layer;  a\  A,  Tov/nsend'n  exp. 

frt]  it  J  It s  of  the  measure- 

M-fcjJi  KEY:  C1)  Calculation;  (2) 

£*7-  Discontinuity;  (3)  Large 

:j.:  /  --,J  vortex . 

! )  (31-vf» 

y/mi  P°-  ibl*  to  predict  changes 

depending  or  x-  nd  x_.  Hewiver,  It 


Consideration  of  the  discontinuity  (more  precisely,  the  laminar 
sublayers  on  the  lower  and  uppers  boundaries  of  the  vortex  and 
trace  of  breakdown)  provides  profile  u  with  the  characteristic 
inflection  point  which  disappears  with  an  increase  in  the  disper¬ 
sion  of  scales  l  for  x. 
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d.tltuting  th*  v*  u*s  of  a  and  y  de*#rralned  atove,  we  obtain1 


STUDIES  OF  TURBULENT  C0M?rlED  AND 
OPEN  FLOWS  ACCOMPLISHED  IN  THE 

INSTITUTE  0F.  :HYDA0t1ECHANi(iU  cions  of  Kralch.nan  [13  about 
OF ,  THE.  .ACADEMY,  Of  ^C lE^CES 

'  11  OF1  THE  UKRAINIAN  SSh  sqbfane  pressure  to  th* 

•  *  '  tion  cr  th.e  wall  and  with  the_  e*t'  mated  of  tie  pror ortl onallly 

r1.rrL1.etoovrfkirul*y  [2] 

(Kiev)  _ 

(!,7<l  p/T„eZ3l) 

Review 

from  (17)  It  is  *pparpnt  that  the  proportionality  fHctoi  1. 

^lermined  b  jn  the  Institute  of  !  lycl /ome a fiMtiiW  6f  the '"Ac&'demy  fof  Sciences 
(AN)  of  the  Ukrainian  SStf,  fdr  a’ ‘Humber  o^yd^rd^  turtles  of  turbu¬ 
lent  flows  with  a  free  surf dbe  TO  'in  tldii^ery  pile's  ^ave  been 
accorhll shcfd ,  and.  dtii-cli  >s  vt  'i  ‘t'i  fb'iilent  'bbud'dary  :  \jcv  are  also 

deveibpi‘ti£.  Con  s  id  era  tflb'  a  tit  rf  Vlbif 't  s  giVen  -to  the  experimental 

'  nd  1 1 J  oh  8  ... 

studies.  In  connection  with  the  fact  that  at  the  present  time  In 
the  USSR, unfortunately ,  there  Is  no  sufficient  practice  In  the 
ilVe?iab,fenuusewaovr  i*nns^rmuunibH'tls  lic/t i'vTlW 4inei^eft: e^ '^ype  for 

.i  in  (ICy  Wi tih  tuo  u:,<-  OX"  '»  1*\)  th*-*  /V)r* 

dropping  liquids,  during  the  dt'udles  the  following  were  basically 

used:  1)  the  method  of  visual  study  of  a  flow  by  means  of  the 
Introduction,  Into  the  flaw,  of  solid  or  liquid  parlidlds  -  indlca- 
tors  with  cinematographic  photography  of  the  flow  and  subsequent 
statistical  processing  of  the  photographs  (subsequently,  we  will 
use  for  . it.  the  shortened  names?  photographic  and  clnsria  method); 
2)  one-  and  two-compoherit  velocity  sensors  'based  on  the  principle 
of  the  dynamic  effect  of  a  flow  on  bodies  introduced  into  It. 


m2 


The  photographic  method  was  developed  in  the  USSR  by  M.  A. 
Velikanov,  N.  P.  Zrelov,  B.  A.  Fidmap  and  I.  K.  Nikitin.  I.  K. 
Nikitin  [1}  proposed  using  solid  particles  as  indicators  —  balls 
from  a  mixture  of  paraffin  with  whiting  that  has  identical  volume 
weight  to  water,  and  defatted  fine  aluminum  powder  with  particle 
dimensions  of  10-100  p.  Illumination  during  photography  Is 
accomplished  at  specific  time  intervals  by  a  flash  bulb  with  power 
supply  from  a  pulse  generator;  With  photographing  in  mutually 
perpendicular  planes,  it  is  possible  to  obtain  a  three-dimensional 
picture  of  the  flow. 

In  order  to  determine  possible  errors  with  the  photographic 
method  with  the  use  of  aluminum  powder  as  the  indicators,  E.  V. 
Zalutsky  accomplished  an  analysis  of  the  structure  of  turbulent 

4#  e/  MaAHhia  ■  i ,  .  (s  -jf  '  'js. '  fu 

flows  with  a  shift  by  the  following  scheme.  Following  To-rhsend 
[2],  the  turbulent  flow  was  considered  as  the  superposition,  on 
the  main  flow,  of  simplest  vortex  structures  of  different  scales 
and  intensities.  Using  Laufer’s  data  T3]  on  the  energy  spectrum 
of  a  turbulent  flow  with  a  shift,  it  was  possible  to  obtain  the 
representation  of  scales  and  velocities  of  different  vortices. 

Then,  having  made  use  of  Favre'a  works  [4],  it  was  possible  to 
determine  the  possible  deviation  of  the  trajectories  of  solid 
particles  of  different  dimensions  from  the  trajectories  of  liquid 
particles . 

The  analysis  showed  that  for  conditions  under  which  laboratory 

investigations  of  water  flows  with  velocities  up  to  1  m/s  and 

linear  dimensions  (depths)  on  the  order  of  0.3-0 -5  m  (which  corre- 

k  u 

sponds  to  Reynolds  numbers  on  the  order  of  1*10  -5*10  )  are 
usually  accomplished,  with  the  use  of  aluminum  powder  it  is 
possible  to  catch  vortex  structure®  which  also  approach  turbulence 
for  size  and  microscale. 

The  advantages  of  the  visual  method  are  the  absence  of  notice¬ 
able  distortions  of  flow,  simplicity  of  equipment,  the  possibility 
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of  measurements  in  flows  with  a  high  intensity  of  turbulence,  and 
also  the  possibility  of  making  measurements  in  the  immediate 
proximity  of  the  walls.  The  main  deficiency  of ‘the  method  —  the 
laborious  processing  of  the  results.  The  question  of  the  automa¬ 
tion  of  the  processing  of  the  'results  of  the  photographic  method 
and  direct  input  of  information  into  a  computer  thus^far  does  not 
have  a  satisfactory  solution  and  it  should  be  the  subject  of 
iurt'her  research.  8“#  of  the  U3*  of  «|tt*tlon  (V,  the 
prc  »uro  characteristics  can  be  rafinod  If  fine  awasuremants  of 

One  of  the  ’instruments'  based  on  the  -dynamic?  effect  ef  flow  Is 
a  ball  two-component  Velocity  sensor-,  investigated  in  detail  in 
WlU  b?hec  Institute  of  Hydromechanics  of  the  AS  of  the  Ukrainian  SSR  by 
B.  M.  Yegldls  [5].  A  diagram  of  the  instrument,  which  makes  it 
possible  to  simultaneously  measure  two  Velocity  eempoWenta  at  one 
point,  is  shown  in  Pig;  1;  ihve'itlgatibns^shb’Wed  that  t'he  force 
which  acts  cn  the  ball  in'  a  h o n s t ati oner y  t uHxi lent  flew  differs 
from  that  in  a  corresponding  stitionaiTP  flow  a3  a  result  of:  a) 
the  virtual  mass  effect  and  b)  the  phenomenon  of  "hydromechanical 
Inertia"  which  possesses  a  vortex  zone  behind  the  ball.  Because 
of  the  latter  circumstance,  with  the  acceleration  of  the  flow  the 
l  resistance  coefficient  of  the  ball  ia  relatively  leas,  and  with 

«.  ■  f:*»  itMK  J.  \  5.  A.. 

deceleration  -  greater  than  ir,  a  stationary  flow. 
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l  -  mutually  perpendicular  plates  with  wire 
strain. gauges  glued  on  them;  ‘  3' -  balls  idiich 
perceive  the  dynamic  pr«n»uj*e  of  the  flow. 

.  '  '  "  '  .  •I:1.'  ■„  !n;  |  i.r, 


Furthermore,  as  a  result  of  some  instability  of  the  position 
of  the  line  of  separation  of  the  boundary-layer,  behind  the  sphere 
the  fluctuation  of  the  drag  force  ia  observed  (and  when  a  gradient 
of  average  speed  is  present  -  also  lift)  even  in  a  nonturbulent 
external  flow. 


The  intensity  of  these  apparent  fluctuations  of  velocity 
being  recorded  by  the  Instrument  attains  5-7 X  of  the  forward 
velocity.  Therefore,  the  ball  sensor  Is  recommended  for  use  only 
for  studying  comparatively  large  vortex  structures  In  flows  with 
a  high  Intensity  of  turbulence  where  the  errors  indicated  above 
will  play  a  comparatively  small  role. 

1.  Studies  of  uniform  flows  In  water  conduits  with  smooth 
end  rough  walls.  One  of  the  most  Important  in  practice  13  the 
steady  flow  In  pipes  and  open  duets  of  constant  cross  section 
uniform  In  the  direction  of  main  flow  (uniform  flow).  The  distri- 
Ye.  V.  button  over  the  cross  section  of  the  averaged  (for  time)  velocities 
(Kiev)  for  the  simplest  flows  of  such  a  type  (circular  pipe,  wide  rec¬ 
tangular  delivery  duct)  has  been  studied  In  sufficient  detail,  and 
the  turbulent  structure  -eoAaiderahlyiese.  The  velocity  field 
near  a  solid  wall  la  Also  lneuf fie lent ly  investigated,  especially 
in  the  case  of  reu«h  walls  turhuiemee  In  unsteady  fiota  lh 
c^farliM  with  stet^r  H— *  even  with  compare* Ive  y  smell  lr>*al 

tratl<  The  detailed  inveeti gat lone  In  eomflnad  and  open  'ducts  of 
rectangular  cross  section  were  executed  under  the  guidance  of 
1.  K.  Nlicltln  over  s  wide  range  of  change  In  the  Reynolds 'numbers 
<1  and  roughness  of  the  Wells.  These  studies  node  it  possible  to 
obtain  the  distribution  of  average  velocities,  single-point  moments 
c  for  the  components  of  the  fluctuations  of  velocity  end,  in  a  number 

noti  of  cases  -  also  two-point  correlations  and  one-dimensional  energy 
spectra  of  the  fluctuations  of  velocity. 

pm-pose  or  this  work  is  the  creation  of  a  aw  v  hod  of 

For  the  processing  and  theoretical  explanation  of  the  results 
of  the  expert ments,  X.  K.  Nikitin  proposed  using  a  linear  * 
parameter  -  the  thickness  of  "the  wall  layer  I,  with  aid  of  which 
he  managed  ‘to  obtain  a  "two-layered*  distribution  curve  of 
velocities,  general  for  the  cases  of  smooth,  "slightly  rough," 
and  completely  rough  wale,  And  s  general  law  of  re  istanee  for 
all  cases.  The  physical  conception  of  I.  K.  Nikitin  consists  In 
the  following.  In  rough  channelr,  similar  to  smooth  ones,  there 
Q-i-*e  In  tM  turbulent  structure  as  a  result  of  o*  cels  ret  lone,  alee 


1  9QUAt  lcr4  f(\f  t“h€  VI  1  i  *2  wh|«h  v  _  *.  a, ».  *  _  . 

^  is  a  regloru  In  wnicn  the  specific  properties  of  a  flow  whioh 

flows  around  the  projections  of  roughness  are  exhibited.  The 

eory  propound  bj (  A.  M_  Koljmpiiarcv  jlF'  ’  i  i,  .  ,  ... 

unique  structure  of  vortices,  'caused  by  the  detached  flow  around 

■and  oeve^oped  in  th#  works  of  A  a  u^>,<  ~  -  -  .  .  - 

the  roughness  elements,  create's  specific  additional  "viaeotity  " 

whose  effect  disappears  ofily  at  a  soeei  fie  distance  front  the 

j1  a  caosed  s*  state  of  ast^T- 1 nnr  -n  i- .  . 

apexes  of  the  projections  of  roughness.  Furthermore,  if  »*  perform 

:(tjyfiOxdd,  and  the  cortfiwuitv  “**■**  he.ii"r-  . . 

a  three-dimensional  averaging  of  the  longitudinal  velocity  compo¬ 
nents  between  the  projections  of  roughness,  then  the  distribution 

nectricting  ourtelye*  to  *n  r  * ,  -  ,  , 

along  the  vertical  of  such  "averaged  velocities"  turn*  oat  to  be 

cncotn-iy  . nangiiw  motion  It  i*  ■  w ,  •  ... 

similar  to  the  linear  (analogy  with  linear  velccity  distribution 

1  in' a  viscous^sufeiaye^)  ,^ot'ion  derlvfcd  from  Reynolds’  equations, 

11  esLl®»te»  of  the  order  of  terma  [*j  similar  to  the  way 

The  present e^consldera^ions  allowed  1;  K .  Uikitlh  to  propose 


the  fol^gfcrln^  formujp ;  for  thej  distribution  of  average  velocities 
along  the  vertical  of  a  plane  turbulent  ’I'ldfr*  ' 

J  is  top  pitzometric  iA^wM^ iinates  in  the  U-D 

longitudinal  and  transv.r.#*diractiona;  u2  -  projections  of 

where  u  is  the  averaged  velocity  at  tha  given  point ,  uf  -  dynamic 
velocity;  y  -  distance  from  the  wall;  6  -  the  thickness  of  the 
wa'Tl  layer,’  for  a  smooth  wall,  equal  to  the  thicknasa  of  the  viscous 

ynAfl  S  <Ttj  u  v  —  ^  ^ 

sublayer  and  for  a  completely  rough  wall v  equal  to  the  average 

%i’i£lvt?'r<ff  fftf^p^r<#Jd8Nl<;ha;  of  Zrarnghnessiha  characteristic 
vugitwuinal  and  transverse  dimension;  of  flow)  which  is  used  in 

For  a  slightly  rough  channel,  the  boundary  of  the.  wall  layer 
parses  higher  than  the  projections  of  roughness.  The  curve  pro¬ 
vides-  a  smooth  coupling  with  the  straight  1  ne  of  velocity  dis- 
A£rlB(Sti8h'Ef'n*tfie  sublayer.  is  discussed  in  grt  ter  detail 

in  the  report  of  I.  K.  Nikitin  contained  in  this  collection. ) 

Some  djaficlehc^y  in,  the.  curvei/ia  ’its  "two-layer  quality,"  and 
velocity  gradient  different  front  *ero  on  the  axis  of  flow  (at  the 
free  surface 'of  an  open  duct).  (£) 


We  note  that  agreement-  wlt:h  the. ’data  of  numerous  experi¬ 

ments  conducted  in  the  inutitute  of  Hydromechanics -of  the  Academy 


J 


of  Sciences  of  the  Ukrainian  SSR  was  shown  by  the  curve  of  Pal 

Shi'n-i  [6],  suitable  for  the  entire  f)  i  in  a  smooth  channel 

WM6®  ;  k  v ,- ■#  I  ■%)  rjm  £  tM~v  »  ft  fit  t  ‘ffr1? 

Including  the  viscous  sublayer  (single-layer  scheme).  However, 

unfortunately, ^ht  coefficients  which  enter  this  formula  depend 

on  the  Reynolds  number  in  a  sufficiently  complex  manner. 

V  ./  *  »  \  :s  r  V'.  •  *(P  W  IBS')  i  1*4  , 

1«  IM  second  place,  from  Um  MUmuLj  ^ 

,  ^  Havlng^a  .sufficiently  precise  distribution  curve  of  average 

velocities  and. knowing  the  law  of  resistance,  it  is  possible  to 
^calculate  the  Reynolds  stress  of  friction  ajuj  at  any  point 
according  to  the  depth  of  the  plane  flow  and  to  completely  examine 

■  MIT  «i ,  j  >  ,  fl  ;  t*  —  ’  (| if*  »  il 

the  energy  balance  of  averaged  motion.  In  particular,  it  Is 

in\%  —  cJkjM  it'  - 

possible  to  find  the  depth  distribution  of  the  rate  of  the  ger.er- 

:  g  t  1 

ation  of  the  energy  of  turbulence  and  energy  losses  of  the  averaged 

motion  for  different  Reynolds  numbers  and  walls  of  different 

be  fcfk'  Liie  _  -  «*_» 

roughness  l 7 J •  The  results  of  one  such  calculation  are  shown  on 
Fig.  2,  on  which  the  distance  from  th n  wall  is  laid  off  along  tie 
ordinate  referred  to  the  half-width  h  of  the  channel.  It  is 

I  »>  0  ^  «■  ^  'J  ^  ^  a*  t  *  «...  4. 

interesting  to  note  that  In  a  smooth  channel  the  generation  of 
turbulence  and  viscous  dissipation  (i.e.,  what  ir.  hydraulics  is 


customarily  called  the  energy  losses)  is  concentrated  In  a  reia- 
tively  thin  region  at  the  wall,  while  for  rough  walls  this  region 
embraces  a  considerably  greater  part  of  the  now.  t  i* 

tmtlnm*  by  tut  -,t«  IT1.  m  «MU  Hr  UM  IMUm  svt.tl. 

As  a  result  of  the  generalization  of  the  experimental  data, 

I.  K.  Nikitin  proposed  empirical  formulas  for  determining  the 
distribution  in  the  plane  flow  of  longitudinal  and  vertical  mean 

«  ,  .!  ,1.  C  HP-  -  _ 

square  fluctuating  velocities  I'  ,?i  and  V  ,/V .  ref  erred  to  u-  [1]. 

is  si'f  .  .  ...  " 

With  the  aid  of  these  formulas  it  is  possible,  with  some  degree 

of  approximation,  to  find  the  distribution  along  the  vertical  of 

Pran  1 1  or  a  1- 

the  averaged  value  of  the  kinetic  energy  of  turbulence  If  we, 

,i  th*  V-  Jj  r  ! 

further  take  the  well-known  expression  v,  for  the  coefficient 

layer  t .  »  i .  . 

of  turbulent  viscosity,  then  hence  it  is  possible  to 'calculate 

iiessj 

the  distribution  for  the  cross  section  of  scale  l.  Such  an 

**  '  '3  ft  Jti  1  \U  ,,  -  . 

analysis  was  performed  by  Ye.  V.  Yeremenko  (see  the  report  con¬ 
tained  in  this  collection). 
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Fig.  2,  Integral  carve 


i  y  I  of  the  distribution  for  depth  of 

'  I  |  the  total  losses  of  energy  of 

averaged  ’notion  (in  percentages 
,1  I  /  I  |  of  the  full  magnitude  of  losses) 
j  '  /  I  i  in  plane  flews  with  smooth  (1) 

'  J  i  and  rough  (2)  bottom:  Re  «= 

-r  ~ .  ..  :  -  20,000. 


.  /  S'.  % 

i  w *  iMt  *  ti : ;  Oir  ti«  orrf*r  cf  ih^  t*r>  of  eq^tlor 

ti  *n  rj '^e  sufficiently  precise  knowledge  of  tr.t  law  .of  resistance 

*  .  a  i  /  ♦  *  t*  J.  X  » 4  !*■  JS  *  l  * 

an<i  distribution  of  velocity  and  .the  .kinetic  energy  of  turoulence 
niakea  It  possible  to  calculate  with  some  approximate011  the  distrl- 
butipji  .over  the  cross  section  (excluding  the  .bottom  region)  of  the 
i  rate  at  dissipation  of  energy  of  .turbulence  e  ^.and  correspondingly 
the  value  of  the  scale  of  dissipation  A^  [8].  For  this  it  is 

'.7  1  I  that  wltn  .  Moothly  el,.n.lr€ 

i  still  L  «i»  al»o  ^be^c^^d^red  independent  of  ^ 

. ->rdimte  and  tl*#  t  exti  W  *ccVpted  in  the  ealeuiatlocx 

T’he  experimental  value  of  coefficient  was  found  by  applying  the 
equation  of  balance  of  fluctuating  energy  to  that  point  of  flow 

or 

turbulence  is  absent  and  the  dlcslp'ablon  of  turbulent  energy  is 
equal  to  lts^  genebatiori/  Mfs0,tl5 FtM  ml  obtained 
sufficiently  close  to  those  found  by  other  authors. 

..ti  a>4 

With  the  use  of  such  calculations  the  distribution  of  the 

amount  of  velocity  of  dissipation  was  obtained  for  the  cross 

section  and  t her.  the  valuta  of  the  scale  of  the  dissipation  A  and 
‘•jrt  .  ■  the  qyr  Ir  velocity.  A 

the  Kolmogorov  scale  n  were  found. 

L.  *^icul|tlcn4  jfL  for  J  thjs.  lurwuli  of  I.  K.  ■ikitir. 

The  graph  of  the  dimensionless  scale 

i  was.  i  cept*l  for  a  tvo«l.ay«r*d  model  which  mixes  it  p-*.ilble 


in  pr*etic»  the  ve 1«# . t  *L  fcfeif i ic  to  the  vlscou* 

1  h  V  / 

».w.  ills  for-juli  tikes  toe  for.fit 


(1.3) 


is  given  in  Fig.  3  (here  h  is  the  half-width  of  the  duct,  ug  - 
dynamic  velocity).  The  comparison  of  the  calculations  with  the 

/  4  V 

direct  measurements  of  the  scale  of  dissipation  made  by  D.  Laufer 
in  a  flat  duct  with  smooth  walls  gave. satisfactory  agreement. 

*  1  i  » 

wm*»  I  if  -  tM  tnl clause  &f  the  Mbt&yer  #*t*ntla*d  from  relation- 
■kil  IH  UUft  la  the  HMMNv  r*fle*tinn  tM  Mynoldd  HMr 
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y/‘7  Pig.  3.  Graph  of  dimension- 

t  jfc'S  uesa  Kolmogorov  scale  n*. 


eq.allty  «hsJ>  -  <Uj>,  ij 


formula : 


M  "  *  jf iJJ  f  \~:‘U  i  -$• 1  .)TL  ^ 

*11  L*?  t«.* T  'Jr 

I.  K.  Nikitin  used  the  data  on  the  velocity  distribution  and 
value  of  the  friction  drag  In  a  uniform  flow  obtained  by  him  for 
the  calculation  of  the  turbulent  boundary  layer  on  a  flat  -plate 
with  a  rough  surface,  and  also  for  the  calculation  of  the  boundary- 
p&rt  i-  layer  and  heat-mass  transfer  through  a  free  water  surface  covered 
theory  withiwavba  [9>dQ§Mld  Mam  that  In  the  region  x^/fe  X  1, 
where  the  energy  of  turbuleMe  la  finite,  the  dissipation  of 

:  y  2.  Studies  ef  normal  term  turbulent  flows.  If  the  structure 

of  uniform  turbulent  flows  and  the  laws  of  resistance  tin*  them  are 
investigated  sufficiently  well  at  the  present  time;  then  rionuni- 
form  turbulent  flowe  (to  which,  for  example,  pertain  (the  flow  in 
diffusers  and  converging  hosBles  of  pressure  systems,  flows  with 
ii  ici  curves  of  backwater  effect  and  fall-offs  in  open  ducts  and  others) 
are  studied  very  little  in  this  respect. 

<T) 

The  studies  of  nonuniform  flows  in  open  chutes  were  accom¬ 
plished  in  the  Institute  of  Hydromechanics  the  AS  of  the 
l4Mi  Ukrainian  SSR  by  E.  V.  Zalutakly  with  the  aid  of  sthe  photographic 
1  J  ;*r  method  [11].  The  experiments  were  preceded  by  an  analysis  of 

possible  systematic  errors  connected  with  the  u3t  of  this  method 
for  three-dimensional-nonuniform  flows  and  the  determination  of 
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necessary  corrections.  The  distribution  of  the  averaged  and 
fluctuating  velocities  in  open  flows  which  expand  and  narrow  along 

-  *  *  ^  fi  •  A  •  If  a  ’  1 1  &  C  X*  2V¥  m.  m  t  f  OiU  Lk/\ 1  * 

the  length  under  condition#  of  the  flow  close  to  plane “parallel 
was  further  investigated.  The  angle  of  divergence  and  convergence 
comprised  approximately  2°  and  the  value  of  the  Reyncl as’ number 
changed  wit  hip  limits  of  5000-20,000.  The  results  of  experiments 
in  the  form  of  the  energy-distribution  curves  of  turbulence 
referred  to  the  square  of  the  average  velocity  for  cross  section 
are  shown  on  Pig.  4 . 

,Jrtl  c % Iculdtion*  according  to  this  f.muia  elso  confirm 


-  —  vmM j  «*.*  WK 

l.i.-crai  «»«  <«  ,<«■»<*.  i) 

^ Indues  with  tlT*  r,l*tlen.htp  con.tructed  «lth  the  t».  of 

.’vi'Wulu.  (b)-(7).  Moreover,  Fla.  1  jtlvra  n  «?  '•i  uihkai* 

edtlorsrftF  ttie  central  region  of  flow  (nuclei)  an  already  well-known 
°  ,niP  L/js  *j.s<-  recalculated  by  aw&ns  o'’  dtuniAn  - 

result  was  obtained:  with  acceleration  of  the  flow  the  diagram 

_  r°  T.  It  coincides  with  th®  ohtaim*d  —  ■  * 

of  average  velocities^  becjM^ps  more  complete,  &nd  with  deceleration 

..  .  1 1  completeness  of  .the' diagrams  decreases.  *rHowever,  detailed 

tnt  tiu cxr.es s  of  f-e  tur*ul»-t  k-.? 

photogc^phy  of  the  distribution  curve  of  velocities  close  to  the 

‘  *  P^-wnce  or  a  longitudinal  pressure  rradi.n- 

bottom  showed  ,that  the  ^eloc ity  gradient  expressed  in'  the  corre¬ 
sponding  dimensionless  quantities  not  only  does  not  increase  with 
acceleration  but  even  decreases. c^rcu®6^crc® »  apparently, 

°  8Caie  accomplished  calculations  Pr.d 

"■  prwid#  a  certain  confidence  in 
A  Study  of  fluctuating  velocities  showed  the  following 
‘  L*i  -  ■*  reiftionsnlp  n/n  «  i  (x  /h)  fgui-va  i;  r.  »  \ 

ll*  region,  no^considerable  difference  between 

.  icr  1  “  ae..c\jj.4ti«ne:  of  fi-iw^  wi.h  i-,... 

fluctuating  velocities  F  and  1  /  in  the3  case's  of  uniform  and 

r.nnnnirnmn  flnuc  woo  I  *  t  &  I  T*^  *  til  t  ifTj  ~  irf  fWW  t  >  ' 


—  -  i  Min  large  heynolds  numbers  whe^  the  «•», « _  J 

a  t  ion  of  flow  a  pronounced  decrease  1‘n  the  level  of  turbulence 

-  iu,  r  fi  v.  y  small  is  examined,  it  can  be  assu-ed 

w“‘  r,-!,a-,Wo,>  «!il  U*  notlcbi. 
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(relations  I  and  I  )  was  observed  in  comparison  with  the  level 
for*  a  uniform  flow,  and  with  deceleration  -  an  increase  In  this  value. 

1st  in  «*  u*  tm  imwnrn*!  t?rm  «r 

t  l  According  to  data  of  the  Investigations,  the  energy  balance 

of  the  averaged  motion  in  a  nonuniform  fit  ■/  was  calculated  and  the 
coefficients Hof  resistance  and  energy  losses  X  were  determined, 
het  us  note;.that  in  a  nonuniform  flow,  unlike  a  uniform  flow, 
these  values  do  not  coincide  basically  because  of  the  gradient  of 
normal  turnulentf (Reynolds)  stresses. 


The  results  of  the  calculations  led  to  somewhat  paradoxical 
conclusions.  The  coefficients  of . resistance  C  and  energy  losses 
X  both  in  a  deceierating  as  well  as  in  an  accelerating  flow'prove 
foil  to  be  leas  than  under  corresponding  conditions  in  a  uniform  flow. 

This  conclusion  correlates  with  the  data  presented  above  about  the 
reduction  inflthe  Velocity  gradient  close  to  the  bottom  in  an 
accelerating  flow.  Physically  this  phenomenon  can  be  explained  by 
the  fact  that  in  an  accelerating  flow,  where  the  average  level  of 
turbulence  for  the  cross  section  la  considerably  lower  than  in  a 


omftffic 


Ltute  of 

t 3 


uniform  flow,  the  main  source  of  hydraulic  flosses  -  the  generation 
of  turbulence  u ju^du^/dx^)  —  decreases  due  to  a  decrease  in  uju^ 
and  In  a  decelerating  flow  —  decreases  due  to  a  decrease  in  the. 
velocity  gradient  du'/dx„  in  that  part  of  the  flow,  where  uJuT 

has  a  significant  value.  " 

to  th#  bii«m;gl  for*  i It  of  gottft  [i]  Cal  *3  **toinftii  f  r  - 

turtouli  .  - .  s  .  ij  /  • 

The  presented  considerations  are  purely  qualitative.  The 

studies  of  these  interesting  cases. of  flow  in  the  Instil 

4  ■  >#  Tti  #dji' *■.  iR  r  t  Tj  ■  #  L||  f  it L  ■»  ! i 

Hydromechanics  of  the  AS  of  the  Ukrainian  SSR  continue. 

of  t '■-?  o.  roxlft* tine  •wrsasle*  fw  tsr*--  »i#n  tifmi  Cm 

3.  Studies  of  nonstationary  turbulent  flows  In  delivery 
pipes  and  open  ducts.'  For  the  solution  of  a  number  of  practical 
probler  s,  of  great  interest  are  nonstationary  turbulent  flows  in 
which  the  average  statistical  .characteristics  of  the  flow  are  a 
1  unction  of  time  (random),  Examples  of  ouch  problems  are  unsteady 
motion  in  open  channels  and  pressure  systems  and  calculations 
?  ‘  U|  -r  «|  r  <0/9,  S'  is  oonstftnt. 
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‘•f  a  turbulent  boundary  layer  and  resistances  during  the  unsteady 
motion  of . a  body  in  a  liquid. 

*».#«,**  it  lli#  inlij&g  if  L'uit  i 


t#( 

•r<r  1  te »  H 


till 

A  f.  t 


uCth  t*  txfti  1)  MlJl  1  _ 

First  of  al.j  It  Is  necessary  to  determine  the  possible  methods 

of  studying  such  flows.  If  the  time  scale  of  change  In  the 

X  f 

averaged  characteristics  of  a  turbulent  flow  Is  considerably 

.  ■ .  v  i  #  •  *  i ■  i  .  ■  4  l  .  »«FO|i t  IlH*  l 

greater  than  the  corresponding  characteristic  scale  of  fluctuations 
of  velocity,  then  the  averaging  operation  does  not  cause  diffi- 

•  ~  IO  1. 

culties.  Different  approximate  methods  of  the  analysis  of  non- 

W  -■  M  S> %  Ml  r  :  ■  :  Jf  Wi-  t  f  # 

stationary  random  functions  were  proposed  by  A.  N.  Patrashev  [12] 

..  *„  D  .  •'  *  of  imt*  - 

a  no  \I .  3.  Pugachev  [1.1]. 

•r*  **  F*f  l1  '^t  it  )•  r;*i»le  to  «m  tli«  in  thr 

p*^*t  of  tho  nag  MUaeobt  te  at  wall  Mil  tOH  «n 

As  Is  known,  the  only  strict  method  of  obtaining  the  charac- 

n*li  »rabA  »irfat  .  ?l:.  <;i,  & 

lerlstlcs  of  turbulent  flow*in  the  most  general  case  is  the  method 

of  statistical  averaging  or  averaging  on  ensemble.  In  the  works 
w  b&ssa  cl  witf TS|jr  been  pee  AwfH,  the  iaailtit«*i  tuv 

of  the*  Institute  of  Hydromechanics  of  the  AS  of  the  Ukrainian  S3R 

' .  of  thi  Jc:  LJ  i  o 

of  an  experimental  method  which  corresponds  in  theory  to  statistical 

averaging  was  also  developed.  The  experiment  was  repeated  many 

times  under  Invariable  initial  and  boundary  conditions  and,  in  a 

,  '<  •’  <  U 

certain  phase  of  flow  (time  coordinate)  photography  of  the  flow 

was  conducted  with  a  sufficiently  small  exposure.  Thus,  for  each 

time  coordinate  it  was  possible  to  obtain"  a  sufficiently  long 

statistical  series  of  the  values  of  the  interesting  quantities . 

*p  1TT;  At  It*  Twttrtilc*  ma  bl«  noiution 

of  the  equation  written  wit*  tm  *»d  of  OfM*'*  fn—ii 

Detailed  studies  of  three  cases  of  flow  were  accomplished  by 

the  described  method;  1)  discontinuous  wave  ir.  an  open  flow,  2) 

7  -i If  v‘  'l _ 

smoothly  changing  unsteady  stream  in  an  open  flow  3)  unsteady 
motion  in  a  delivery  pipe, 


Extremely  curious  results  were  obtained  by  Ye.  V.  Yeremenko 

during  the  study  of  the  discontinuous  wave  which  Is  formed  in  an 
fopen  duet  with, the  sudden  opening  of  the  gate  [14].  Apropos  the 
structure  of  such  a  waves  different  opinions  have  been  voiced  in 
literature:  1)  the  flow  ia  accomplished  according  to  a  pattern 
of  two  layera,  whareupon  the  upper  layer  moves  considerably 
obtain  the  following  expre.slon  for  the  dlffualoo  of  frmur*  **Fm 
ir.  the  form  of  a  stries: 


faster  than  the  lower  with  the  formation  of  an  Interface  between 
them,  2)  the  surface  layer  leaking  In  'Yxtrudes"  the  liquid  ahead 

of  Itself  and  forces  the  flow  to  move  accelerated  along  its  entire 
depth. 

|  v'h'*  •••• 

The  results  of  the  detailed  experimental  studies  of  this  case 
flow  in  the  form  of  curves  of  the  change  of  the  components  of 
average  velocity  and  moments  of  fluctuating  velocities  for  differ¬ 
ent  cross  sections  of  flow  are  shown  on  Pig.  5.  As  is  evident,  in 
actuality  the  flow  aocording  to  the  "water  on  water"  diagram  is 
very  clearly  realized,  whereupon’ the  separation  boundary  is  the 
intense  source  of  powerful  fluctuations  of  velocity.  Therefore, 
one  ought,  in  essence,  to  approach  the  a  rife  lysis  ©f  such  motion 
from  the  positions  of  the  theory' of  free  turbulent  flows,  which 
up  to  now,  has  not  been  done. 


The  studies  of  a  smoothly  changing  unsteady  turbulent  flow  In 

an  open  n&nnel  by  the  method  described  above  were  perj».>vied  by 
A.  U,  Shabrin  [153.  The  result*  of  tnese  studies  in  one  respects 
are  analogous  to  the  results  given  above  for  nonuniform  motion, 
t  was  precisely, here  that  the  phenomenon  of  the  "inertia  of 
turoul  rice  was  observed,  i.e,,  the  lagging  of  a  change  in  the 
level  of  turbulence  behind  a  change  in  the  velocities  oij-the 
averaged  i  ow.  The  diagram  of  the  averaged  velocities  changed 
•i  comparatively  little. 


The  unsteady  flow  in  open  channalB  is  di stinguisheb  by  great 
complexity :  both  local  and  convection  accelerations  take  place, 
in  which  regard,  often  cvf  different  signs.  Furthermore,  in  the 
process  of  flow  the)  flow  geometry  (.free  surface)  changes.  In 
order  to  Investigate  this  phenomenon  in  a  purer  form,  it  was 
«•  decided  to  pose  the  experimental  studies  of  unsteady  flows  which 

are  accelerated  anu  decelerated  with  time  in  a  rectangular  delivery 
duct  under  conditions  close  to  the  conditions  of  a  plane  flow. 
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Juch  studies  are  being  accomplished  In  the  Institute  of  Hydro- 
mechanicb  of  ‘the. AS  of  the  Ukrainian  SSR  by  S.  D.  Markov.  They 
are. still  unfinished,  but  3ome  results  have  already  been  obtained. 

[  *A  .rt  I  <  ’•< 

The  studies  were  accomplished  In  a  tube  with  a  cross  section 
of  10  x  38  cm.  The  flow  rates  changed  within  limits  of  from  0.16 
to  0.7,  m/s  with  acceleration  on  the  order  of  0.1  m/s“;  the  maximum 
value  of  Reyno1 ds  number  was  72,000.  The  results  of  the  experi¬ 
ments  showed  that  with  acceleration  of  the  flow  in  the  mass  of  the 
r  >w  tfie  completeness  of  the  velocity  curve  Increases.  The  reverse 
picture  is  observed  during  the  deceleration  of  the  flow.  The 
measurement  of  fluctuating  velocities  also  showed  in  this  case  the 
lugging  of  the  change  in  intensity  of  fluctuations  behind  a  change 
in  the  field  of  averaged  flow  rates. 


1  .!  (13) 

4.  Approaches  to  calculations  of  nonunlform  and  unsteady 

^^turbulent  flows.  A  semlempirlcal  method  with  the  use  of  a  system 
Of  Reynolds  equations  and  the  equation  of  the  balance  of  turbulen- 
energy  was  used  for  the  calculation  of  the  field  of  averaged  and 
fluctuating  velocities  in  nonunifonn  arid  unsteady  flows.  This 
method  was  successfully  used  by  A.  S.  Monin,  I.  Rotta,  G.  S. 


th« 
in  I 


ilushko,fand  V^.  B.  Levi p  for  the  calculation  of  uniform  flows  and 
flows  in  tje  turbulent  boundary  layer.  As  is  known,  the  basic 

Ucc.  ol  the  method  consists  of  the  closure  of  a  system  of  equations 
6y 


y  using  a  series  of  approximate  dependence*  for  determining 
turbulent  viscosity  and  the  dissipation  of  energy  and  diffusion 
terms  In  the  equation  for  the  balance  of  energy.  Such  basic 

approximating  dependences  are: 

tl"  J  ♦  i; 


a)  the  expression  given  above  for  the  coeificient  of  turbulent 

viscosity : 


fflM  nt.  *1,  V  t,  ■ 
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b)  the  expression  for  the  dissipation  of  the  energy  of 

turbulence: 
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where  the  addend  corresponds  to  small  Reynolds  numbers,  and  the 
aagend  r-  large;  with  sufficiently  large  Reynolds  numbers  the 
addend  can  be  disregarded  and  then  we  will  obtain  expression  (1.2); 

»  m*m  •  -  rt  HlWiH  I  U  J  Ml  u§)  «• 

c)  the  expression  for  the  diffusion  of  the  energy  of  turbu¬ 
lence;  considering  that  transfer  of  the  energy  of  turbulence  in  a 
transverse  direction  is  gradient  type  diffusion,  it  is  possible  to 
express  the  diffusion  terms  by  the  dependence 


_  f  at) 

Furthermore,  it  is  necessary  to  have  an  expression  for  scale 
l.  As  is  known,  G.  S.  Glushko  [163 •  on  the  strength  of  a  series 

of  experimental  data,  obtained  for  l  a  sufficiently , complex 
dependence  (graphically  it  is  a  broken  line).  ,  m 

tfi  ~ ^  ||* *  sill  vt*  latWr  i m-> 

Thus,  a  closed  system  of  equations  is  obtained  with  some 

empirical  coefficients  for  finding  the  components  of  averaged 
velocity  and  tne  kinetic  energy  oi  turbulence.  This  procedure 
was  improved  somewhat  by  Ye.  V.  Yeremenko  and  is  used  for  the 

calculation  of  smoothly  changing  motions  in  wide  open  and  delivery 
ducts,  the  flow  »in  which  is  close  to  plane. 


Using  the  experimental  data  of  I.  h.  Nikitin  and  the  curve  of 

lJai  Shlh-i  whicn  provide  good,  agreements  with  he  experimental 
data  close  to  the  axis  of  a  plane  confined  flow  or  close  to  the 
free  surface  of  an  open  flow,  the  distribution  of  scale, l  over 
tne  cross  section  was  refined, 

hp«  **  j  iwm  Mw  tit*  &f  twfntieQt  *  b  pwt 

Analysis  showed  that  with  sufficiently  large  Reynolds  numbers 

the  distribution  of  -scale  l  stops  depending  on  this  number. 
Furthermore,  unlike  the  data  of  G.  3.  -Glushko,  on  approaching  the 

u  «*i  ft;  > .  ■  n  « f  - 1 -1  Himtitpi  of  •>itio<. 
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axis  of  flow  (or  the  free  surface  of  an  open  flow)  the  value  of  l 

**  * 

does  not  decrease,  but  it  increases  monotonically  ana  it  approaches 
a  constant  value.  £ 


A  substantial  improvement  of  the  method  was  rr.afli  with  con¬ 
sideration  of  the,  diffusion  of' the  energy  of  fluctuations  of 

'  ,  |  j  .  1.  i  .1  ^  •  r 

pressure.  An  is  Known*  the  fluctuation  of  pressure -at  a  given 
point  of  flow  is;  determinpil  toy  the  velocity  field  in  the  entire 

flow- and  is- expressed  through  this  field  by  the  lr.owr  adiabatic 

r  —  -  ,  '-v  <"  •  ■  ir 

equation.  ^Consequently,  the  .’diffusion  of  the  Vinetft^energy  of 
turbulence  jand^the  dlf fuslonjqf  the  energy  of  the  pressure  fluc¬ 
tuations  are  different  phenomena..  The  data  of  D.  Laufer  n 
I.  K.  Nikitin  show  the*  the  nature  of  a  change  in  these  values 

over  a  cross  section  is  coapj.ete.iy  different,  and,  for  order  of 

1  * ,  <  •  T 

magnitude  they  are  close  tp _j&th  other;  therefore,  neglect  of  the 

"  1  ,  .  |  .  i  ,  A 

diffusion  of  pressure  energy  in  general  1»  not  justified. 

.  1  1  t  t»i  f  i  IN  ;  £  I  I  F  I  T  %  %  *? 

Vj _ -'-’xljjj.  !  -— !  -  - |  f  i.  i  < w 

Ye  v  Yeremenko,  uwlrk  the  equation  which  ccnuauts  the 

«— ■  |  ■—  r „  -  —  j-*"*!  .*  j*  I  v  • 

fluotufetiont^of  pressure  and  velocity.  Obtained  an  e^presfcion  for 
the  value  of  the  diffusion  of  ene^ty  through  the  graifentfiof* 
averaged  velocity  and  distribution  of>scfiles  over' the  cross  section 

l  •  v  *  t  |  ^  *  j  *  J  ^  .  L^iji  ”•  *  ®  ® 

and- composed  a  closed  :iy$tepi  of  equations  which  makes  it  possible 

1  i  *•  i  |  ■  ♦  <y  .  -  u  §  **  a 

to  perfona  calculation?  or  nonunifora  and  unsteady  turbulent  flows. 
«  i  ,  ,~jn  w 

The  •calculations  were  crrried  out  ito  the  end  for  the  case  lol  a 

.  »  w 

pressure  plane  flow  and  satisfactory  agreeapnt  with  the  eyp^iments 
ci  S,.  B.  Maif^v  was | ob,tained  (^O^e  ^eyort  of  Ye.  V.  -Yeremenko 
\  cjintuined!  in’thls  collection) .  _ 

f—-  —  —  — — ,  i  ;  ,  *  i  ■**  r-*-3*  /  '.  i  1“  w.  (•  <1 

. !  I..’  1  ,L!  i  _'_J  *1 

Tt  appears  that  this,  method  can  oe  used  su  cS  ess  full  lyt  for  v.te 

»  \  t  '  f  v*  • 

calculations  of  unsteady  and  nonuniform  open  flows  anti*  is  • 
particular,  it  will  make  it  possible  to  obtain  sufficiently  } 
precise  data  on  resistances  with  these  forms  of  motion.  •  \* 


5.  Studies  of  the  structure  of  turbulent  flows  with  inter¬ 
faces.  In  connection  with  the  solution  of  the  practffcfc.  prAlem  - 
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the  expansion  of  the  flow  which  Issues  from  the  opening  of  a 

s  ,ructuf*e4/  -  with  the  aid  cf  the  prictogr  .pf  -c  iietltcO  uni  of  a 
dynamic  sensor  the  structure  of  hue  h  a  flow  was  invefctxgs.en  la 
detail  In 'the5  area  of  the  intei-faca  between  a  forward  wowing  Jot 
andfthe  closed  vortex  regime  aurrotndlog  It.  .This  oaue  differs 
from  the  usual  turbulent  jet  by  the  affect  of  the  bottom  and  the 
valis  Which  restrict  the  flow  (tho  throe-dint aaionul  pt-ob^em). 

In  such  «  way  that  vifc  certain  contents  the  station  ry  p  rot  lea 

As  a  result  of  the  studies,  a  largo  auoinc  of  experimantaf 
material  has  been  toour ilatef  about  the  values  of  fluctuating 
velocities  and  their  sing  e-point  covrritncea  £1.13*  The  experi¬ 
ments  showed  an  increase  In  the  intensity  of  turbulence s la  pro¬ 
portion  to  the  fle  w  expansion.  The  auxlrua  of  turbulent  tangentl.-  l 
stress  Is  r.itec  immediately  close  tottie  interface  where  une 
greatest  gradient  of  the  averaged  velocities  and  the  maximum  value 
of  £he  velocity -fluctuations  occur.  The  interfeoea  between  the 
forward  moving  liquid  and  ‘the  vortex  gones  are  e  powerful  source 
of  turbulence  of  flow.  Grer.t  fluctuations  of  velocity  end  pressure 


cause  conslderabie^ynamie  lead:  en  the  structures  enclosing  the 
flow,  and  they  also  sharply' 1r<  rease  the  capability  of  the  flow 


ecu 


to 


re|Aj 


w;  sh  out  the.  g -outid*  tuiuiiu  tty  structure. 

it  ya  aaeuswd  that  Re.  m  22.0. 


On  the  basir  of  experimental  curves  of  fluctuation.,  of 

elocify  recorded  by  the  oer  jor,  the  autocorrel  itiun  t  motions  of 
the  fluctuatlcns  of  vci oc ity  were  ot  latr acted  hik  by  weuna  of  their 


■OtiM 


J 


trar s forma fi oh  -  i*rd^uhhcjA  4*peefcr& .  The  aubocorrt lation  /unction 
Ti  the  regior  of  th*»  intsrfi  ie  a'lcae  to  the  opanii  g  ^has  the 
*  ^xp^ess'eJ’Vhsraot'eV  of  c  Pinnae  l«*  with  .attenuctcji  fieplAtude  and 
only  'at  a""1  ruffle  lent  dlitahec  fc  ^niflanSlets  takes  the  form  charac¬ 
teristic  for  the  correlation  of  the  random  variables. 

The  nwevlte  of  the  oalouiatione  are  given  In  the  rp*%  of 

In  accordance  with  the  aforesaid  about  correlation  functions, 
the  spectral  curve  (dependence  o f  amplitude  on  frequency)  directly 
b  h’rd  tne'  op  nl  g  h  s  a  ron  iinoed  me  lnun  n  e  epe..*fic  frequency 
’ 'reg  on,  wfii&h 'tells  of  the  p  ried.e  separation  of  the  voutlces 

with  unxfpr*  action  (curves  l).  With  decelerated  nation  (curves  3) 
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alonu  the  entire  depth  r,e  curve  fcei*--i  ^1-t4  . 

(Karnarri  street  type).  In  ^proportion  to  the  di  tuned  from  tne 

,  - 

opening,  the  tnarflnlums  are  alleviated,  moving  Into  the  region  cf 
T^-er  frequencies,  end  the  spectral  curve  takes  a 'form  usual  for 

turbulent  flows.  This  tells  about  the  gradual  transition  from 

regular  perturbations  to  a  purely  random  turbulent  structure. 

The  energy  of  turbul«M  pre.eted  ln  Wg.  2  ln  th#  fo,H  of 

6  Studies  of  tiirkil ent  f lew*  which  carr  solid  pirklc  es. 

^  r  a  i  her  f  years,  in  he  Institute  of  Hydromechanics  of 
ln  thf3'  or  th'  Ukraln  an  'SB  ex oerimental  studlsa  were  conducted 

Kinematic  structure  and  dynamic  o  era  teri  jtles  or  riost  which 

With  dec  i  erat/i  dd i .  *,  . . 

carry  suspended  so  id  par  ticles  In  compere  ivnly  large  quar.ti. 

‘(fB^  5*to  I5$*B^QWuMPP*  relative  value  of  the 

cr‘  '  y  0  tuI*«l*«**  in  cowperleon  with  uniform  jectlow.  These 

Tiie  studies  were  conducted  over  a  vide  range  of  chi  net  in  the 

data  af  •>  - 


of  avers r 


basic  parameter^  which- o  iarae teri  ze  tie  flow  ^he  liaxiett  -s 

trace. _ _ 


of 


~~ndi  tf*  chanp  -d  -rom  160  to  900  t.n,  the  ’lev  rate  -Tr»&r.»  t 

minimum  tfr™  particles  —  from  0.1  to  40  mm,  and 

the  density  of  solid  material  -  from  1.4  to  4.5  t/rr^.  Sand ,  coal, 

rv~.  1 1  4  4-  a  ^  .  *  3 


Thu 
.£ 


n,  v  a  .  ^  Jl  J  ^  14a  -  ^  4 

ravel,  waste  products  from  iron-ore  comllneo ,  etc . ,  weiu  uced  as 


•  -  —  —  — — -  — —  —  -  -  —  —  —  v  4  <•  M  a 

Hf:  ri^d  »  r  tr  snspor  ted'.  Very  great  ex mental  Mate? 

el  obtaining.  jcv  the  £***-*  t _ 

has  been  accumu rated  which  u till  requires  thooretical'llnterpre- 
umy  on  the  kirat^r  1  »  r 

trtlon.  We  wiiT  dwell-  hero  very  briefly  or  aorv  of  the  fr  ults 

r-“;rsti%<;  vjj  .*•*•*»  it  1.  «•  »e*..WT,  ”  th. 

-  Uau&tlan  of  unlfom  actim,  to  m.«ck  tn»  untv.r«iny  of 
1  onstai.ts  far  (kLtr»imsA  JM. 

Highly-saturated  suspension- carrying  flow:  are  characterized 

01  the  nor*  cc*>lex  — —  -  _ 

by  great  fWtftmffomiity  in  the  distribution  of  t ne -concentration 
lrjjieal#  ,#  tJUjtJ)  of  r-giifM rmk 

of  solid  particles  along  tne  vertical.  The  degree  of  -.his  rt  :  - 
^^ormlty  increases  with  a  decrease  In  the  average  vf=;  .  l-y  ,ar»u 
with  an  Increase  In  the  size  and  density  of  the  particles. 

'■  -■  -  ■< - « -  - 

Ti^e  large  none antratiou  of  sella  particles  in  the  lower  layers 
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geometrical  axis  of  the  flow.  With  identical  average  velocity 

(identical  flow  rate  of  the  liquid  phase)  the  aaxltuun  velocity  and 


_  _ __  _  _ _ 

i  the  veloolty  gradients  along  the  vertical  becoae  greater  than  for 

pure  wate**.  Thusf  the  solid  components  significantly  affect  the 
kinematic  flow  structure. 

i.J7  .  .  . ,  ,  . .  ,v  .  -It  u. *1  n  II  I  '  :.«?*• 

n.  .  •  ,  .  j.  .  \u'.i ■  uu, t.-r  »-% 


The  refliotance  tQ  the*  Elation  of  s  suzpen* ion-carrying  flow 
in  all  cases \wst  con.Hider&hly  greater  Jhan  for  pure  water  and,  as 
a  mis,  it  increased  with  SM*  increase  in  the  concentration. 

However,  the  latter  was  obaervad  to  a  definite  limit.  With 
V  velocities  of  motion  similar  to  the  ao«ealled  critical  velocities, 

St  whloh  th*  deposition  of  particles  begins,  resistance  can  decrease 
with  an  increase  in  concentration  and,  besides,  rather  considerably. 
With  an  increase  in  the  size  of  the  particles  the  resistance 
increases,  however,  only  to  a  definite  limit,  after  which  it  stops, 
dependlngon  size. 


The  measurement  of  the  fluctuation  motion  characteristics  of 
liquid  and  solid  particles  showed  that  the  energy  of  turbulence  of 
liquid  particles  in  the  middle  part  of  the  flow  proves  to  be 
greater  than  in  the  flow  of  a  homogeneous  liquid,  and  only  close 
to  the  lower  wall  of  the  pipe,  in  the  region  of  an  extremely  con¬ 
siderable  concentration  of  solid  particles,  is  a  decrease  In  the 
energy  of  turbulence  observed.  On  the  average,  over  the  cross 
section  the  energy  of  turbulence  not  only  does  not  decrease,  as  is 
frequently  accepted,  but  it  increases  rather  considerably.  This 
is  discussed  in  greater  detail  in  the  report  of  N.  A.  Sllin  and 
V.  P.  Ocheret'ko  (see  this  collection). 
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i4actudtlon#  of  pressure  1*  ojtuii.ea: 

-  -i-  it  -  U  -  22  +  n  .  a  i 

- T - 

where  Uj,  are  th»  ave rat‘ “<3  raj-ae^  cf  t/i^  velocity  c curpon* nt  #nd 
u4»  *  thi  fluctuatl.v  v*lo -lty  coBficr  *«ti  s  cnjUxUr  cricket- 

J  BW 

<>  at  t  r.e  algti  01  averatjlr.*;  f\  r  -r* oa^Il^ty . 

i  t  rljjht  3li*  3f  cquatloti  (1),  Ailed  the  k iit+atio  function, 
i.  i:  m  mud  to  le  known  ir  lilt  sente  which  la  uslw  >ly  k*pt  In  **tnd 
wner.  Uivy  tfp*ak  *t*ou.  tun  opae*--tl*w  xanJca  fupicttori. 

T- *  l/cuTUkfry  condl t i or. n  rot  jl)  in  tt.*  of  ■ 

otlur.l«3«  flit  etiable  ooJlifkrv,  rLtftinad  frofci  th*  Nu\  i-r- 

»  V wA’  a  qu  ftlor.s  ,  ta»  i  ’•  tr.  fox  ’wlr  4,  fv.rr.i: 


1'  l'f.»  .0  -'T.''*, 

<  y-a*  1.  ..  al.-ectt 


viloolty  aloi |  t-  y-axl# 
ib  **  *  icimul  to  tht  Mall). 
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Qm  the  free  surface  of  the  flow  the  fluctuation  of  prenur* 
Is  taken  as  equal  to  aero: 


•  #-•  (J)  .. 

or  la  flven  la  the  aaae  May  as  la  usually  done  in  the  study  of 
.  "•»•»  on  the  surface  of  the  eater.1 

1“  *****  IWklances,  for  esanple  In  slightly  nonuni  fora  floes 
on  a  snootb  tot ton,  boundary  condition  (2)  can  he  replaced  by  a 
Slap lor  one  -  uni fora; 

(k) 

kith  sucn  a  boundary  condition  equation  (1)  was  Investigated 
for  the  first  tine,  apparently,  by  kralehnan  In  19$6  [2]. 

the  possibility  of  the  replaceaent  of  condition  (2)  by 
relationship  (t)  can  be  substantiated,  for  esa*>le,  by  Townsend's 
•stlaates  275) ,  according  to  which  In  the  boundary  layer 

'  <***>*>  -  *•*•■*. 

so  that  the  fluctuation  gradient  of  the  pressure  at  the  wall  along 
the  floe  Is  considerably  greater  than  across  the  flow. 

If  we  assuae  that  the  turbulent  perturbations  at  the  wall  are 
planar,  then,  using  the  theory  developed  In  [t],  we  obtain: 


'The  recording  of  the  boundary 
the  action  of  eaves  and  also  cone 
are  given  in  Cl]. 


condition  taking  Into  account 
other  possible  boundary  conditions 


iViirfi  rn  «yw|*  4*  (»»>** 

<(**)✓  -  j|  -  <(»)*> . 


where  C(w,  s)  Is  tost  universal  function  of  frequency  w  end  mv3 
nuaber  ,i*  Is  the  fluctuating  coaponent 

of  tangential  stress  on  the  wall,  and  r  h,:)  -  <  v.N‘,*>  -  the  spectrum 
of  the  tangential  stress  on  the  wall  (the  asterisk  above  signifies 
a  Fourier  transfora,  the  line  shove  the  variable  -  a  coop lex 
conjugate  value). 


Using  the  eoplrlcal  data  on  the  speccrua  of  the  tangential 
stress  on  the  wall.  It  Is  possible  to  ascertain  that  <  4*  < 

<  1/-.J  <  {  //«**>*  >  ,  and  condition  (4)  tec  uses  even  wore  reliable. 


2.  In  the  plane  flow  with  a  free  surface  and  slightly 
changing  depth,  the  solution  of  equation  (1)  with  boundary  condi¬ 
tions  (J)  and  (k)  for  points  on  the  bottoa  of  the  flow  baa  the 
following  fora  £53 s 

The  function  of  weight 

•»*«-**•  “> 


decreases  rapidly  with  withdrawal  from  the  point  of  bottoa  In 
question  (y  •  -1 ,  o  •  -Jj  x  ■  Xq{  •  0)  into  the  depth  of  the 
flow  (0  >  n  >  -1),  downward  (C  >  0)  or  upwa  1  (f  <  0)  aloM  the 
flow  (Fig.  l).1 


In  formulas  (5)-(7)  the  depth  of  flow  Is  taken  as  equal  to 
un~„y;  axes  y  and  i  are  directed  upward,  the  reference  point  - 
at  the  surface  of  the  water. 
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Tto*  longitudinal  apectrua  of  the  fluctuation*  of  pr eaaure  on 
tb#  Pottos  of  •  uni  fora  plana  flow  eon  bo  alaply  calculated  it  tha 
B‘utu*1  longitudinal  apactrun  of  tha  tinea*  tic  function  in  different 
layer*  of  flow  *f<«,  a,  o')  la  known: 

j  j4<k.%*Hkaa**<4*r.  (7) 

Further  calculations  of  Integral  (7)  can  bo  ac?oapllabed  bp 
uaing  exparlnantal  data  and  plaualbla  hypotheaaa  on  tbo  atructuro 
of  tha  klnoaatle  function.  The  roaulta  of  auob  a  eoal-oaplrlcal 
calculation  of  tbo  proaauro  apoctrua  a area  with  tba  data  of  direct 
aaaauraaanta  [6  J . 


3.  For  hydraulic  engineering  practice  aoro  in t ere* ting  la 
the  caae  of  sharply  nocu.Ufore  notion.  Juat  aa  in  a  unifora  flow, 
the  baalo  difficulty  which  lapodea  the  tboorotlcal  calculation 
oonalata  of  tbo  Inoufflclont  a tody  of  tho  velocity  field.  In 
connection  with  tbla.  It  la  neocaaary  to  uao  the  approslaato 
ropreaentation#  which  root  on  indirect  observation*,  co^arin* 
tho  roaulta  of  tbo  ealculatlona  with  tbo  data  of  the  direct 
noaauroaonta  of  proaauro  fluctuatlona. 
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The  calculation  of  presaur*  fluctuations  on  the  boundary  of 
tho  flow  with  tn*  proton**  of  an  Interface  and  narrow  "ton*  of  nix* 
Inc*  with  increased  eddying  (rig*  2)  can  bo  slap Ilf led,  sscuning 
tho  dispersion  of  hto  klneatti*  funotien  nonsoro  only  within  tho 
Unit*  of  tbit  "tone  of  nixing." 

The  ua*  of  tbit  condition  load*  to  th*  following  relationship 
for  th*  t pace* tint  correlation  of  pressure  on  th*  botton  of  the 

flow: 


-t  s»  • 

-|»ara')0(*.»ci*/.n* <8) 

H*r*  b  It  the  width  of  the  "con*  of  nixing,”  0(x,  ()  -  th*  value 
of  the  weight  function  In  the  "tone  of  nixing,”  RfU,  C»,  t)  - 
the  longitudinal  tin*  correlation  of  th*  klneaatle  funttlon  in  th* 
"tone  of  nixing.” 

Further  calculations  with  th*  unchanged  fora  of  th*  correla¬ 
tions  of  th*  klneaatle  function  Rf  lead  to  different  result* 
depending  on  whether  the  weight  function  along  th*  layer  of  nixing 
changes  slowly  or  rapidly.  If  the  zone  of  nixing  Is  situated  at 
the  surface  and  th*  weight  function  changes  relatively  slowly 
(Fig.  2a),  then  the  space-tine  correlation  of  the  pressure 
fluctuations  on  tb*  botton  differs  significantly  fron  the  correla¬ 
tion  of  the  kin*natlc  function.  Specifically ,  If  the  proper 
"frozen  turbulence”  is  traced  In  the  ktneaatl*  function,  then  in 
the  pressure  fluctuations  on  the  botton  It  nay  not  appear  In 
practice. 

If,  on  th*  contrary,  the  weight  function  changes  rapidly 
along  tb*  length  of  th*  zone  of  nixing  (Fig.  2b),  then  all 
features  of  the  klneaatle  function  are  brightly  refleeted  In  th* 
properties  of  the  pressure  fluctuation*  on  the  botton. 
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This  conclusion  mss  confirmed,  in  particular (  in  experiments 
on  s  special  high-pressure  unit  created  by  tba  Scientific  Research 
Department  of  the  All-Union  Planning,  Surveying  and  Sclantlflc 
Research  Institute  la.  S.  Ts.  Zhuk  (MIS)  in  tba  territory  of  tbe 

Istrinskiy  hydraulic  power  system. 


Figure  3  shews  a  diagram  of  this  unit  (b)  and  a  diagram  of  the 
r.odel  of  the  spillway  (a)  on  which  the  distribution  of  the 
correlations  and  standards  of  the  pressure  fluctuatlona  In  the 
breakaway  zone  was  studied. 


Figure  4  gives  the  results  of  tbe  measurements  of  the  corral* 
tiers  of  the  pressure  fluctuations  on  the  celling  of  the  spillway 
*ltn  different  locations  of  the  base  measuring  point.  As  can  be 
reen  from  Pig.  4 ,  for  the  different  points  shown  by  different 
designations  (besides  triangles) t  a  high  correlation  is  observed 
at  great  distances  between  points.  This  msani  the  presence.  In  the 
pressure  system  in  question,  of  long-wsve  fluctuations  not 
directly  connected  with  turbulenoe.  It  was  possible  to  suppress 
these  fluctuations  to  some  measure  having  constructed  a  pneumatic 
“urge  tank  before  the  esit  gate  of  the  system.  The  correlation 
of  pressure  st  far  distances  in  this  case  was  substantially 
re-iucou  (triangles  on  Pig.  4). 


Pi.;.  5.  Distribution  of  averaged  pressures  7 

on  the  ceiling  of  spillway  in  the  breakaway  zone . 
KEY:  il)  Water  column . 
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Fig.  6.  The  distribution  of  the  standard a 
of  tbs  pressure  fluctuation  oa  the  calling 
of  a  spillway  In  the  brcakaaay  sonci  I  - 
In  tha  absence  of  pitas*  transitions,  XI  - 
Internal  aeration  of  tbs  flow.  III  -  developed 
cavitation.  The  dee Ignat loos  of  the  points 
•re  the  sas*  as  on  Fig.  }. 


Wg.  T.  the  speetra  of  presaure 
fluctuations  at  point  b  (Fig.  3) 
in  the  absence  of  eavltation 
(I  •  e  •  6.6)  and  In  the  presence 
of  eavltation  (II  -  o  •  0.31). 


the  pressure  fluctuations  on  the  ceiling  of  the  spillway 
■•re  studied  at  different  absolute  pressures  In  a  flow  [with 
different  eavltation  nuabers  <?l'l  4.  in  this  case  it 

was  detected  that  In  proportion  to  a  decrease  In  d,  beginning  with 
none  value  of  it,  the  standard  of  the  pressure  fluctuations  first 
sharply  Increases  and  then  rails  rapidly  (Figs.  9  and  6).  An 
analogous  effect  was  recently  described  by  Naudascher  and 
Locher  [7J.  This  is  esplalned  by  the  qualitative  change  In  the 
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structure  of  the  fluctuations .  Under  condition*  of  the  experiment 
with  cavitation  numbers  leas  than  0.5  the  Intense  liberation  of 
air  frc-n  the  flow  began  (internal  aeration  of  the  floe).  The 
amplitude  of  the  pressure  fluctuation*  in  this  case  sharply 
Increased.  It  was  possible  to  note  the  appearance  of  hlgh~frequcney 
’ luctuation*  directly  on  the  oscillogram.  A  further  reduction  in 
the  cavitation  number  causes  s  doorcase  in  the  standard  of  fluctua¬ 
tions  oecuuae  of  the  "cutting  off"  of  declines  lover  than  t ha 
cavitation  threshold.  In  this  case,  however,  the  form  of  the 
.-spectrum  of  the  pressure  fluctuations  is  sharply  changed  -  the 
upe  -trur  is  shifted  In  the  direction  of  higher  frequencies  (Pig.  7). 
Wit-,  jvopvct  to  the  effect  on  the  structural  elements,  this  change 
lr.  tot  opectrum  can  be  considerably  more  important  than  some 

aoo  in  the  atandar 1  of  fluctuations .  Actually,  the  atreeeec 
xu  tiie  plate  which  comprise  part  of  the  boundary  of  the  flow  and 
! au  the  natural  vibration  frequency  of  about  200  Ha,  with  the 
presence  of  a  cavltiiing  flow,  were  approslmatply  2.5  timea  greater 
than  In  the  absence  of  cavitation  (with  the  reoaleulatlon  of  the 
experimental  data  on  the  very  came  dynamic  pressure).  Analysis 
Of  the  oscillograms  shows  that  these  changes  are  connected  mainly 
•-!th  the  excitation  of  the  hlgh«fr*quency  natural  ooolllstlons 
oi  construction  (the  resonant  build-up  of  the  cone trust ion ) . 

These  effects  are  frequently  the  direct  cause  of  the  failure 

the  racings  of  construction  under  the  action  of  a  cavitising 

flow.  . . 
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TUMULI RT  FLOMS  ID  JITS  MR  DUCTS 
TURBULENT  JETS 

0.  N.  Abruovlch 

(Moscow) 

Review 

It  Is  necessary  to  deal  with  turbulent  Jets  of  liquid,  gas  and 
a  non-single  phase  Medina  in  aany  areas  of  technology:  aviation, 
rocketry,  energy.  Metallurgical,  ventilation,  and  others.  In 
connection  with  this,  in  the  USSR  and  abroad  aany  works  are  being 
conducted  which  are  devoted  to  the  study  of  the  turbulent  Jets  and 
all  possible  Jet  apparatuses. 

It  does  not  appear  possible  to  Make  any  coaplete  survey  of  the 
■ost  Sapor  rant  coins  on  turbulent  Jets  in  one  report.  But  there  is 
no  need  for  this  either,  since  aany  proto leas  of  this  field  (Jets 
of  a  noocoapresslble  liquid,  nuaerous  applications  of  the  theory 
of  Jets,  and  others)  are  ei sained  in  detail  in  Monographs  [1-3] 

••11  as  in  well-known  books  and  articles.  Therefore,  the  report 
ao  a  survey  of  works  only  on  turbulent  Jets  or  variable  density 
ok  recently  acquired  an  especially  laportant  significance  tut 
skill  iasaffl cleat ly  studied. 

Ttoe  first  nor*  on  the  theory  of  the  turbulent  Jet  of  a 
peeaolhle  gne  ana  pan 11 shed  la  19)9  [•]-  la  this  work,  attaint! 


the  general  equation?  of  motion,  energy  and  continuity  la  the 
'em  cT  ley no Ida  equation?  for  the  turbulent  flow  of  variable 
.the  terns  reflecting  the  effect  of  molecular  viscosity 
.-.  re  J1  ^regarded) .  T^e  transformation  of  equations  Is  conducted 
i.  tne  u'ual  way,  whereupon  each  of  the  variable  values  (?omponents 
■  velocity,  density,  temperature,  pressure)  is  replaced  by  the 
rti  :f  It  >  value  average  for  time  and  the  fluctuating  addition  so 
l:i  averaging  for  the  final  time  Interval  the  latter  equals 
:ero.  To  simplify  the  equations,  moments  of  the  third  order  are 
J-c.cl  and  the  terms  which  contain  the  derivatives  of  the 
f- u<  ;  c?*-  ing  values  along  the  ails  parallel  to  the  flow  which  are 
• -n»> '.rlson  with  the  derivatives  of  tne  same  values  jlong 
f:.e  •,  tuiJ verse  axle  are  disregarded.  Furthermore,  In  accordar oe 
't.  ;  it  l  *a  well-known  Ideas,  the  fluctuating  values  are  expressed 

the  nixing  length  and  the  gradients  of  average  values 
(•'*  ~  v’  *  lail/Jy,  IT'  -  Uf /ly .  etc.). 

Hie  obtained  Heynolds  equations  In  the  general  form  are  not 
Integrated;  therefore  the  analytical  solution  Is  given  for  the  case 
>r  relatively  small  compressibility  effeot  (the  Jet  veloeity  la 
»  .  than  tne  speed  of  sound,  the  relative  value  of  the  difference 

•  ’*  t  temperatures  In  the  jet  and  In  the  environment  AT^/T^  la  not 

than  .'Of).  In  this  case,  the  compressibility  effect  la 

*  .‘red  with  the  us®  of  on®  .mall  parameter  (d  •  AT^/T^) ,  on  th*_ 

Vain®  of*  '..hi ct.  the  fo:n  of  the  Jet  boundary  layer  and  the 
"  * l- u*. Ion  o^  the  velocity,  temperature,  and  density  In  Its  cross 

.  .'.5r;»  ’spend* . 

'•  ‘  *■  a  new  analytical  solution  of  the  problem  £i]  was 
o'iahe..,  valid  for  u  lirgt  degree  of  compressibility  of  gas;  In 

!  i.  jtlon  the  «ya*em  of  equations  la  simplified  by  the  use  of 
•  Iu‘.  •;  ne-tho i  cf  averaging  parameters  In  which,  unlike  the 
lo.  crlotJ  .leave ,  the  density  fluctuation  of  the  current  la 
*!.e  products  of  t-he  gas  density  times  the  velocity,  for 
■P*i'  Ispu/iy  i  a  cabined  value  (Instead  of  the 
•at It,  o'  velocity). 


H 


In  both  dejorlbed  Method*  tor  th*  o*loul*tlon  of  th*  turbulent 
J*t  of  *  eoaprusslble  gas ,  th*  equation  of  state  for  a  perfect 
Is  used. 


of  * zees* Ire  to ape rater*  in  th* 
ero**  section*  of  the  boundary 
layer  of  oryogsnl*  (dot-dash 


I  • 


•  i 


/ 


oryogsnle  (dot -dash 


(i)  . 

V  • 


line),  air  (dotted  Uao)  and 

rlasaa  (continuous  lino)  Jets 

*0  *  


cross  section  of  th*  Jot). 
KEY:  (l)  Calculation. 


In  1961,  \.  A.  Golubev  [6]  developed  th*  theory  of  the  turbulent 
Jet  In  ch*  case  of  very  high  gas  teaperatur*  taking  Into  account  lr. 
the  special  fom  of  the  equation  of  state  sueh  factor*  os  the 
dissociation  and  Ionisation  of  th*  gas ;  whereupon  fbr  a  nuad»*r  of 
specific  oases  he  aanagM  to  obtain  th*  analytical  solution  of  the 
systea  of  equations.  V.  A.  Golubev’s  ezperlaents  carried  out  with 
th*  plasaa  Jet  of  water  vapor  flowing  out  Into  th*  air  at  teeperature; 
of  the  latter  up  to  2*1CT*E  conflra  the  theoretleal  solution 
obtained  by  hla,  which  can  be  Judged  froa  Mg.  1,  on  whleh  th* 
experlsontal  points  and  th*  calculated  distribution  curve*  of 
temperature  In  subaerged  streaae  of  air  and  plaeaa  are  plotted. 


(1 


(2)r. 


Mg.  2.  Curves  of  th*  critical 
stste  of  Freon-2?  at  different 
teaperatur** . 

KEY:  (1)  Pressure,  ata; 

(2)  Molar  freedoa  of  Freon-22 
in  alztur*  with  nitrogen 
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In  ..‘<61,  on  the  strength  of  the  ntw  positions,  V.  I.  Bakulev 
it  sloped  the  theory  of  the  turbulent  Jet  of  a  cryogenic  substance 
1/ ,  7!  which  flows  out  Into  the  sise  medium,  but  whloh  remains  In 
a  gajei.ua  state .  The  author  selaateg  the  analytical  fora  of  the 
equation  of  state  which  is  In  food  agreement  with  the  tabular  data 
nr  th«  thermodynamic  calculation  and  suitable  for  a  gas  over  a  wide 
range  of  conditions  fro*  the  teagerature  of  liquefaction  to  several 


M*.  3.  Profile  of  the 
dynamic  p ref  sure  in  a 
Jet  of  freon -2 2  which 
flows  out  into  gaseous 


nitrogen  with  K.  A. 
Malinovskiy's  super¬ 
critical  conditions 
(the  circle  denotes 
experimental  data). 


Tlie  experimental  data  obtained  by  V.  I.  Bakulsv.  X.  S.  Makarov 
;iid  B.  a.  khudenko  [7]  for  a  Jet  of  liquid  nitrogen  whloh  flows  out 
'rite  a  space  rilled  with  gaseous  nltrogan  at  a  teaperature  of 
-53-k<?0°K  and  pressure  higher  than  erltlcal  confirmed  the  theoretical 
"uculatlons  of  V.  I.  Bakulev  (see  dot -dash  curve  on  fig.  1  and  the 
j.rres pending  experimental  points).  It  should  ba  noted  that  at 
uoe rcrltlcal  pressures  In  these  experiments,  the  liquid  nitrogen 
eneved  like  a  gas  tin  view  of  the  absence  of  surface  tension)  and 
Its  rlxlnr  with  the  surrounding  heated  nitrogen  bore  the  same 
•••laracter  a*  In  a  single-phase  medium. 

In  1967,  K.  A.  Kalinovskiy  f81  refined  V.  I.  Bakulev’s  theory 
’  ln*9  ft-’ccur.t  that  the  phase  state  of  the  substance  la 

letermlrtd  r.ot  only  by  pressure  but  also  by  temperature,  and  he 
jor.st.-'ictf  dlagrasu  of  the  state  of  the  mixture  of  nitrogen  and 
rt  such  a  diagram  is  given  In  fig.  2  (the  parameter  for  such 

I.-"—  ’3  temperature  expressed  In  degrees  centigrade).  In  the 
•e,-3  n  .ylng  within  each  glvxn  curve  the  substance  Is  In  a  two-phased 


state  (wet  steam),  outside  the  curve  •  In  a  single-phase  state  Or. 
the  lower  portion  of  the  diagram  -  gas ,  In  the  upper  -  liquid) . 

K.  A.  Malinovskiy  selected  the  analytical  expression  for  the 
equation  of  state  of  Freon-22  similar  in  fora  to  the  equation  used 
by  V.  I.  Bakulev  for  nitrogen  and  air  and  conducted  an  experimental 
study  of  the  propagation  of  the  cryogenic  Jet  of  Freon-22  In  an 
atmosphere  of  gaseous  nitrogen,  whereupon  the  basic  experiments  were 
posed  with  a  supercritical  state  of  Freon-22  when  the  mixture  of  this 
gas  with  gaseous  nitrogen  did  not  contain  drops  of  Freon-22. 

Usln-{  the  same  equations  of  motion  and  energy  which  were  used 
by  V.  I.  Bakulev  and  his  equation  of  state,  K.  A.  Malinovskiy 
calculated  the  fields  of  dynamic  pressure  in  a  cryogenic  Jet  of 
Freon-22  which  mixes  with  motionless  gaseous  nitrogen.  The  results 
of  the  calculation  and  experiment  agree  with  each  other  satisfacto¬ 
rily,  which  Is  evidenced  by  Fig.  3. 

It  is  Interesting  to  note  that  a  considerable  Increase  In  the 
width  of  the  xone  of  the  mixing  of  the  Initial  section  of  the  Jet 
with  an  Increase  In  the  relation  of  densities  In  the  external  flow 
and  in  the  Jet  (n  •  Pj^Oq),  which  Is  evident  in  Fig.  1  follows 
from  theoretical  calculations.  It  is  not  at  all  necessary  to  change 
Tollmln'3  constant  of  turbulence  a  which  Is  introduced  to  bring 
experimental  and  theoretical  profiles  into  conformity  with  the 
transition  from  a  cryogenic  Jet  to  an  isothermal  air  Jet  (a  •  0.09) 
and  only  In  the  case  of  the  plasma  Jet  does  it  Increase  somewhat 
(a  »  0.14) ;  from  this.  It  follows  that  In  the  theory  of  a  plasms 
turbulent  Jet  the  compressibility  effect  is  a  little  "under- 
considered.  " 

In  recent  years,  experimental  and  theoretical  calculation  work 
has  been  conducted  on  turbulent  mixing  with  subsonic  velocities 
of  heterogeneous  Jets  composed  of  the  following  pairs  of  gases: 
helium  -  air,  carbon  dioxide  -  air,  heated  air  -  cold  air,  Preon-2?  - 
air.  Toe  effect  of  the  relationship  of  velocities,  densities. 
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temperature,  and  also  Initial  conditions  (degree  of  turbulence, 
relative  thickness  of  the  uall  boundary  layer  before  the  beginning 
cf  nixing)  on  the  development  of  the  cone  of  nlilng  of  the  Jet 
j:id  of  the  corurrsnt  flow  was  explained.  The  work  was  carried  out 
tj  n.  V.  /akovie\akiy,I.  t.  Salmova,  A.  N.  Sekundov,  and  3.  Tu. 
Krashenlnnlkov  under  the  direction  of  0.  N.  Abranovleh  [9,  10]. 

.  ’‘uler^n  photographs  were  obtained  of  the  Jets  being  alsed,  fron 
/hicn  It  can  be  seen  that  In  general  the  cone  of  the  nixing  of 
Vie  Jet.g  consists  of  three  regions. 

In  the  first,  adjacent  to  the  nozale,  the  flow  bears  the  nature 
r  3  iar  !  ner  flew  (wltn  the  lanlnar  boundary  layer  or  the  nor.sle 
.'ill.  i;  In  tne  second  regular  vortices  ere  formed  whose  else  is 
•rat le  with  the  thlokneas  the  zone  of  nislrig,  lr.  which  regard 
vortices  increase  In  the  direction  of  flow;  in  the  third, 

♦e  turbulent  flow  regime  la  established  (large  vortices  disintegrate 
lato  finer  ones  which  aove  etaotleally  in  the  zone  of  alxlng). 

With  an  Increase  In  Reynolds  number  (Re  •  uQd/v,  where  u0  Is  the 
v.loclty  at  the  beginning  of  the  Jot ,  d  -  the  dlamete  •  of  the 
Initial  cross  section,  v  -  the  kinematic  viscosity)  the  flrat  and 
-•eo  nd  regions  are  r«duced(  when  Re  *  103  the  length  of  the  wave 
r  .'Ion  Mn  the  submerged  Jet)  exceeds  three  dlaawters  of  the  Jet, 
length  of  the  region  of  regular  vortices  comprises  several  Jet 
■:  ameterto ,  when  Re  *  10^  the  length  of  the  first  region  decreases 
d,  and  the  second  region  -  to  1.0>1.5  d. 

Mgu/ie  u  presents  photographs  of  a  Jet  of  carbon  dioxide  which 
*  •  propagated  in  stationary  air  with  two  values  of  Reynolds  nu*>ers 
calculated  according  tc  the  Initial  diameter  of  the  Jet  (Re^  •  2«103, 
•  5 •  10 3 )  j  with  tne  coaparlscn  of  these  photographs  reduction 
it  the  wave  and  vortex  regions  la  distinctly  evident  with  an 
It  er-. use  In  the  value  ;f  Re. 

h.  he  molested  met*  It  has  been  established  that  the  pro  Hies 
■-f  t!.~  ulr  -nslonless  excess  values  of  velmelty ,  temperature,  unJ 
■j  urlty  concentration  are  universal  and  can  be  expressed  by  the 


very  same  curve  (Pig.  5).  At  the  sane  time.  It  was  clarified  that 
the  diffusion,  thermal,  and  dynamic  zone3  of  turbulent  mixing  have 
a  different  thickness.  If  we  take  as  the  scale  of  thickness  the 
distance  from  the  axl3  (or  the  Inner  boundary  of  the  mixing  tone  - 
for  the  Initial  section)  to  the  place  In  which  excess  velocity 
(or  correspondingly  excess  temperature,  or  excess  concentration)  Is 
half  that  on  the  axis  and  designate  it  by  r^tfor  velocity),  rT(for 
temperature)  and  rK(for  concentration),  the  relationship  of  these 
thicknesses  does  not  depend  on  relationship  of  the  velocities  but 
changes  with  the  relationship  of  densities  on  the  axis  (or  on  the 
Inner  boundary  -  for  the  Initial  section)  and  on  the  outer  boundary 
of  the  mixing  zone: 

%  ... 

,#  •  .  e 

r.v-'  ‘'-Mi. 

*# 

These  relations  whose  graphs  are  shown  In  Pig.  6,  are  suitable 
both  for  the  main  and  for  -he  Initial  section  of  the  Jets.  In  some 
works  It  Is  pointed  out  that  Instead  of  the  universal  distribution 
curve  of  velocity  and  temperature  (or  concentration)  It  Is  convenient 
to  use  the  universal  profile  of  dynamic  pressure.  The  described 
experiments  3how  that  under  conditions  of  a  Jet  of  variable  density 
this  hypothesis  13  not  Justified.  The  data  of  3h.  A.  Yershln  and 
L.  P.  Yarln  definitely  snow  that  In  the  combustion  flame  (submerged 
Jet  of  burning  gas)  the  universality  of  the  velocity  profile  is 
observed,  and  the  dimensionless  profiles  of  dynamic  pressure  with 
combustion  and  without  combustion  substantially  differ  from  each 
other. 


The  same  result  Is  obtained  from  a  study  of  heterogeneous  Jets; 

on  Pig.  7  Is  plotted  the  profile  of  dynamic  pressure  obtained  In  the 

zone  of  mixing  of  a  Jet  of  Preon-12  with  an  air  current  with  the 

relationship  of  dynamic  pressures  of  two  flows  close  to  unity 
2  2 

(p ur/pu#  s  8/7).  Nonmonotony  of  the  curve  of  distribution  of 
dynamic  pressures  Is  explained  by  the  fact  that  the  profile  of  the 
concentration  in  the  transverse  cross-sect  ion  of  the  Jet  (and, 
consequently,  of  the  density)  turned  out  t  >  be  wider  than  the 
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velocity  profile.  If,  from  the  measured  profiles  of  dynamic- 
pressure  and  density  we  construct  the  velocity  profile.  It  proves 
to  be  mono  tonic  and  corresponds  to  the  curves  presented  In  Mg.  5. 

The  thickness  of  the  sene  of  mixing  of  the  Initial  section  of 
tne  jet*  as  the  experimental  data  show.  In  general  depends  both  on 
the  relationship  of  m  velocities  and  on  the  relationship  of  n 
densities  In  the  external  flow  and  In  the  Jet.  However,  If  the 
Jet  and  the  external  flow  have  the  very  came  velocity  (m  •  1),  the 
effect  of  n  on  the  dimensionless  thickness  of  the  Jet  b  •  b/x 
practically  ceases;  the  greatest  compressibility  effect  Is  cxhibltel 
in  the  submerged  Jet,  l.e.  with  m  »  0  (Fig.  8). 

The  curve  of  the  change,  along  the  length  of  the  Jet ,  of  the 
excess  values  of  velocity  and  of  the  weight  concentration  (in 
logarithmic  scale)  with  different  relationships  of  velocities 
m  •  uH'u0  In  tns  external  flow  and  In  the  initial  section  for  a 
Jet  of  Preon-12  which  la  propagated  In  the  airflow  are  depicted  in 
Pigs.  9  and  10.  It  la  characteristic  that  for  each  of  these  values 
(Au^  and  c^)  the  very  sue  picture  of  "attenuation"  Is  obtained. 

On  the  basic  section,  the  curves  of  drop  In  the  corresponding  value 
(in  logarithmic  seal*)  are  practically  parallel;  the  origin  of  the 
main  section  In  each  case  can  be  considered  the  nolnt  of  Intersection 
of  this  curve  with  the  line  of  the  Initial  value  of  the  corresponding 
quantity  (for  example,  Au^  •  (ur  -  u^Auq  -  uH>  ■  1),  In  which 
regard  tne  abscissa  of  this  point  xn  depends  on  values  m  ■  uH'uQ  and 
n  •  oH/p0. 

Tne  experiments  showed  that  the  dimensionless  arsclssa  of  the 
origin  of  the  main  section  xn  »  xn/1  and  the  end  of  the  Initial 
section  l  •  1/ d  have  maximum  values  with  identical  velocities  In 
the  Jet  and  In  the  coourrent  flow  (m  •  1)  but  decrease  with  an 
Increase  the  density  ratios  In  the  cocurrent  flow  and  In  the  Jet 
<KU.  11). 
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Pig.  4.  Schlleren  photograph  of  a  Jat  of  carbon  dioxide 
which  flows  out  Into  the  air  with  two  values  of  Reynolds 
nuaber. 


KEY:  (1)  Jet  of  C0?  In  the 


air.  GRAPHIC  NOT  REPRODUCIBLE 
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Pig.  5.  Calculated  profiles 
of  the  dimensionless  excess 
values  of  velocities  taken 
from  different  theoretical 
works,  and  the  region  (shaded) 
of  the  experlaental  values  of 
dimensionless  excess  values 
of  velocity,  temperature  and 
Impurity  concentration  In 
heterogeneous  Jets: 

1  -  0.5  (1  ♦  cos 

2  -  exp  <-C*  In  2), 

3  -  Cl  -  (0.44  Cu)3/2]2 

Pig.  6.  The  relation  of 
ratios  of  thicknesses  of 
diffusion  and  thermal  (0Kf)» 

as  well  as  dynamic  and  thermal 
(•uT)  boundary  layers  of  a 

heterogeneous  Jet  (curves  are 
drawn  from  experimental  points 
for  different  relationships 
of  velocities  m  In  Jets  being 
mixed) . 


Pig.  7.  Profile  of  dynaaic 
pressure  In  the  boundary 
layer  of  a  Jet  of  Freon- 12 
which  la  propagated  In  the 
coeurr^nt  flow  of  air  (r2  - 

radlua  of  the  inner  boundary 
of  the  Mixing  cone,  r^  - 

radlua  of  the  outer  boundary). 


Fig.  8.  The  dependence  of  the  relative  thickness 
of  a  Jet  boundary  layer  on  the  density  ratio  In 
the  eocurrent  flow  and  Jet  with  n  •  0  (aubaerged 
Jet)  and  a  •  1. 


Pig.  9.  Change  In  diaenalonleaa  exeeaa  velocity 
along  the  axis  of  a  Jet  of  Preon-12  which  la 
propagated  in  the  cocurrent  flow  of  air  with 
a  •  var  (n  •  0.27). 


Pig.  10.  Change  in  the 
dlaenslonless  weight 
concentration  of  Freon-22 
alcng  the  axis  of  a  Jet 
which  Is  propagated  in  the 
cocurrent  flow  of  air  with 
a  •  var  (n  •  0.27 ) . 
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Pig.  n.  Dependence  of  the  length  of  the  initial 
section  of  a  heterogeneous  Jet  on  ratio  of 
velocities  In  the  coourr^nt  flow  and  In  a  Jet 
with  the  density  ratios:  1  -  n  •  0.27;  2  -  »  •  1; 
3  -  n  ■  7.25. 


Fig.  12.  Change  In  dimensionless  values  of  excess 
temperature  and  gas  concentration  In  the  air  along 
the  axis  of  a  heterogeneous  Jet  (depending  on  the 
presented  length)  in  two  oases:  the  oocurrent 
flow  Is  contained  In  a  duct  of  constant  cross 
section  (1)  or  It  Is  a  submerged  Jet  (2). 


Fig.  13*  Change  In  the 
degree  of  turbulenoe 
along  the  cross  seotlon 
of  a  heterogeneous  Jet 
which  is  propagated  In 
a  cocurrent  flow  in  a 
duct  (1)  and  In  a  free 
Jet  (2):  t  -  degree  of 
turbulenoe ,  r  -  the 
current  radius,  R  -  the 
radius  of  the  Internal 
Jet . 


Curves  of  attenuation  of  the  values: 
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along  the  length  of  the  Jets  for  different  pairs  of  gases  which 
constitute  a  Jet  and  the  external  flow  can  be  expressed  with  the 
aid  of  the  following  monoadals: 


•5 


A«„  »(«*)  *■*, 

-  Kf*\ 


(0',r. 

-  lO*\ 

wnere  x*  •  x/xn,  and  the  exponent  kj  Is  •  value  close  to  unity  (for 
w«M<rht  concentration  k0  s  1,  for  temperature  k^  ;  1.3;  for  velocity 
tne  exponent  turned  out  to  be  variable  In  the  range  0.85  <  <u  <  1.25 
with  an  Increase  In  n  from  0.?7  to  7.2).  The  presented  values  of 
correspond  to  the  case  of  the  propagation  of  a  turbulent  Jet 
in  a  cocurrent  floe  limited  by  solid  walls  (In  a  tube  of  constant 
cross-section)  and  not  subjected  to  preliminary  artificial  agitation. 

*•  different  picture  Is  observed  with  the  spreading  of  the  Jet 
w'tlin  a  coaxial  Jet  of  larger  diameter  which  has  a  free  outer 
mdary .  In  this  case  the  high  degree  of  turbulence  in  the  zone 
of  mixing  of  the  external  Jet  with  the  surrounding  air  la  the 
source  of  the  perturbations  whloh  are  transmitted  In  a  transverse 
direction,  reaching  the  Internal  Jet,  and  thay  Intensify  Its  mixing 
with  the  surrounding  flow.  For  comparison,  Fig.  12  gives  attenuation 
curves  of  weight  concentration  along  tha  axia  of  the  Internal 
J°t  (helium  In  the  air)  and  excess  temperature  AT°  (air  In  the  air), 
taken  In  two  oases:  the  upper  curve  -  with  a  cocurrent  flow 
contained  In  a  duct  of  constant  cross  section,  lower  ourve  -  with 
external  flow  with  a  Tree  boundary  (submerged  Jet).  Figure  13 
l-p'eta  distribution  curves,  in  both  cases,  of  the  degree  of 
turbulence  across  thf  cro?3  section  of  the  riowi  on  the  lower 
curve  corresponding  to  the  flow  In  the  duot ,  seen  In  the  rlee 
t:  tne  .legree  of  turbulence  in  the  zone  of  the  mixing  of  the  Internal 
Jot;  on  the  upper  curve  (oocurrent  flow  -  the  submerged  jet)  and  the 
i‘  r.-ee  of  turbulence  above  and  It  ean  be  seen  that  It  Is  given 
l  /  aetKn  * rcm  without,  In  which  regard  in  the  zone  of  mixing  or 
♦;»  Internal  Jet  there  Is  no  "burst"  of  the  degree  of  turbulence. 

Monograph  [1]  pointed  out  one  possible  feature  of  the  mixing 
i  Jet  with  6  cocurrei.t  flow  of  considerably  greater  velocity 
■■  *  uh^uq  **  vhlch  cun: 1st*  In  the  e%0t  that  possessing  a  high 
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"ejecting  capability,"  such  a  cocurrent  flow  Intensely  sucks  In 
particles  from  the  Internal  Jet  and.  If  the  gas  floe  rate  In  the 
latter  Is  Insufficient  for  the  "feeding"  of  the  cocurrent  flow, 
then  directly  behind  that  place  where  internal  Jet  "runs  out," 
a  zone  of  closed  circulation  Is  formed  from  which  the  "trickle 
feeding"  of  the  external  flow  is  accomplished  and  to  which  the 
excess  of  the  mass  then  returns.  Experiments  confirmed  the  correct¬ 
ness  of  such  a  mixing  scheme  with  m  >>  1. 

As  an  example.  Pig.  It  presents  the  flow  lines  obtained  lr. 
an  experiment  with  the  mixing  of  an  air  Jet  with  a  cocurrent  flow 
of  air  of  the  same  temperature  whose  velocity  exceeds  by  27  tiroes 
the  Jet  velocity  (uM  s  100  m/s,  u^  s  3.7  m/s).  The  be  ndary  of 
the  circulation  zone  Is  depicted  by  a  continuous  line;  the  boundary 
of  the  region  of  reverse  current  is  shown  by  the  dotted  line; 
plotted  on  Pig.  14  are  the  experimental  points  from  which  the  flow 
lines  are  drawn. 

The  described  special  case  of  the  formation  of  the  Internal 
separation  of  the  flow  (not  from  the  wall  but  with  the  presence  of 
a  tangential  velocity  discontinuity),  but  already  with  supersonic 
speed,  was  also  encountered  by  American  researchers  [11],  who  work 
under  the  guidance  of  A.  PWrry,  and  about  which  the  latter  reported 
In  the  USSR  In  the  spring  of  1966. 

The  turbulent  Jet  which  Is  extended  In  a  motionless  medium 
(submerged  Jet),  captures  (ejects)  the  particles  of  this  medium 
and  because  of  this  excites  the  general  relatively  slow  movement 
of  the  liquid  ( lrrotatlonal  flow)  toward  Its  boundaries. 

In  the  worke  of  L.  0.  Landau  and  Ye.  .lfschlts  [12],  V.  V. 
Pavlovskiy [13],  0.  V.  Yakovlevskiy  and  A.  i.  ekundov  [14]  and 
A.  S.  Olnevskly  [15]  theoretical  and  experimental  studies  were 
conducted  of  the  irrotational  flow  of  a  submerged  Jet  in  the  case 
of  a  flat  axially  symmetrical  Jet  and  with  different  positions  of 
the  outer  boundaries  of  the  smdlum  embracing  the  Jet. 
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i’i.s  r.heoivtlcal  solution  of  Use  problem  of  external 
1 rrotatlonal  flow  Is  obtained  according  to  the  distribution  of  the 
transverse  velocity  componont  on  the  Jet  boundary  known  from 
calculation.  Three  examples  of  irrotatlonal  flow  outside  the  Jet 
ar-?  Illustrated  by  Pigs.  15-17  taker  from  work  [1*].  Pig'-ire  15 
'!v  -a  the  flow  line  in  the  case  of  a  plane  Jet  which  flows  out 
fron  a  slot  lr.  the  wall  pei'pendloular  to  the  Jet  direction;  a 
characteristic  feature  of  this  flow  Is  the  fact  that  th*  direction 
cf  its  flov.  lines  at  the  Jet  boundary  la  opposite  to  the  Jet 
n  !  *»er:t  » on . 


Fir-  re  presents  the  flow  lines  for  an  analogous  case  of 
the  >  tflow  of  an  axially  symmetrical  Jet.  Figure  17  depict.*.  the 
•'1  'int-s  outside  the  axially  symmetric^  Jet  flowing  out  from  a 
i.  .zle  lh'w.  unlimited  apace  (near  the  no-zslc  exit  tnere  are  tic 
enclosing  balls).  The  results  of  the  theoretical  calculations  and 
/ljual-quantliatlve  experiments  (outside  the  Jet  streams  of  smoke 
.•re  photographed  which  are  arranged  along  t.ie  flow  line'/  agree 
w:  ll  wit)  each  other.  Knowledge  of  the  flow  which  a.  Ises  outside 

•  he  Jet  1j  very  essential  to  evaluate  the  aerodynamic  f arose  which 
hv  on  tho  t>dles  arranged  beyond  the  limits  of  the  Jet.  For 
example,  In  this  way  It  Is  possible  to  determine  the  supplementary 
aerodynamic  force  which  acts  on  a  Jet  airplane  during  vertical  takeoff 
(th?  force  Is  caused  by  the  Intense  sucklng-ln  of  air  to  the  jet 

0* t-  un  which  spread*  over  the  surface  cl  earth  -  Pig.  lfi). 

In  a  number  of  technical  devices  ( furnaces  of  boiler  units, 
i  .  notion  chamber  of  gas-turtine  engines,  vet-tWal  taierff  Jet 

-.!>  •  -af*  moving  near  tne  surface  of  the  earth,  ventilation  air 
.  :—•*!, ; ,  to.)  It  is  necessary  to  deal  with  a  turt>ulert  Jet  being 

•  l ‘'v.i  .  f f  hy  a  lateral  flot  .  The  axis  cf  3uch  a  Jet  Jo  distorted, 

•  j  .r.Jar'irJ  of  a  mixing  tone  are  %»  v-nmetric  relative  to  the 
.  .  ,  u:.  !  th-  law  jf  velocity  change  along  the  axis  differs 

’iles.t'l/  from  an  analogous  law  for  the  case  of  a  Jet  with  a 
o'  rtt!  .Tit-line  axis . 


be 


